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La chaperone d'histones, HIRA, est essentielle dans l'établissment
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The histone chaperone HIRA is crucial for the early establishment of hepatitis B virus minichromosome.

Hepatitis B virus (HBV) chronically infects 240 million people worldwide and is the major cause of hepatocellular carcinoma (HCC). Currently standard-of-care treatments can achieve longterm viral suppression, but are not able to completely eliminate the virus, due to the persistence of the covalently closed circular DNA (cccDNA). cccDNA, the viral minichromosome, resides in the nucleus of infected hepatocytes by virtue of its chromatin structure. Indeed, upon entry into hepatocytes, the partially double stranded viral DNA (relaxed circular (rc)DNA) is released into the nucleus, where it is repaired and wrapped by histones to form an episomal chromatinized structure. The mechanisms leading to cccDNA formation and chromatinization are still largely unknown and their elucidation would be a first step toward the identification of new therapeutic targets to impair cccDNA persistence. To this aim, we investigated the role of host factors belonging to DNA repair and nucleosome assembly pathways in cccDNA formation at early time points (i.e. between 30 minutes and 72 hours) post-infection in both HepG2-NTCP cell line and Primary Human Hepatocytes (PHH).

We particularly focused on the histone chaperone Hira, which is known to deposit histone variant 3.3 (H3.3) onto cellular DNA in a replication-independent manner and in association to nucleosome reshuffling during transcription and DNA repair. We were able to detect cccDNA in the nuclear fraction of hepatocytes as early as 30 minutes and 24h post-infection, by qPCR and Southern Blotting (SB), respectively. Knock-down of Hira by RNA interference before virus inoculation led to a strong decrease in cccDNA accumulation (both in qPCR and SB) which was independent from HBx protein expression (using an HBx-defective virus). rcDNA levels remained stable, indicating either a possible incomplete or delayed rcDNA to cccDNA transition. Chromatin Immunoprecipitation analysis showed that Hira was bound to cccDNA already at 2 hours post-infection and that its recruitment was concomitant with the deposition of histone H3.3 and the binding of HBV capsid protein (HBc). After 24 hours of infection, an increase of H3.3 and Pol2 binding on cccDNA was observed, correlating with the initiation of the transcription of the 3.5 kb RNA. By Co-Immunoprecipitation and Proximity Ligation Assay experiments, we showed that Hira was able to interact with HBc in infected hepatocytes and Thesis Locatelli Maëlle Preamble in a HepaRG cell line expressing HBc in an inducible manner. Altogether, our results suggest that chromatinization of incoming viral DNA is a very early event, requiring the histone chaperone Hira. While HBx is not required for this process, HBc could play a major role, suggesting that the interaction between Hira and HBc could represent a new therapeutic target to be investigated.

L'ADNccc est comparable à un minichromosome viral intrahépatocytaire, et sert de matrice à la transcription des ARN viraux. En tant qu'épisome chromatinisé, l'ADNccc est composé d'histones, ainsi que de protéines virales et cellulaires non histones, qui confèrent à l'ADNccc Thesis Locatelli Maëlle Preamble sa stabilité et son intégrité. De la même façon que l'ADN cellulaire, l'activité transcriptionnelle de l'ADNccc peut être modulée par des modifications épigénétiques telles que les modifications post-traductionnelles (PTM) des histones et d'autres protéines, mais aussi la méthylation de l'ADN [START_REF] Jain | Comprehensive DNA methylation analysis of hepatitis B virus genome in infected liver tissues[END_REF], ou encore les microARN [START_REF] Huang | MicroRNA miR-204 and miR-1236 inhibit hepatitis B virus replication via two different mechanisms[END_REF]. Les protéines virales jouent également un rôle majeur dans la stabilité et l'activité de l'ADNccc. D'une part, la protéine virale régulatrice, HBx, a été montrée comme activant la transcription du virus de l'hépatite B. En effet, en interagissant avec DDB1 (DNA binding-binding protein 1), HBx recrute le complexe cullin ubiquitine ligase (CRL4), afin de dégrader le complexe Smc5/6 (maintien structurel des chromosomes), un facteur de restriction de l'ADNccc (Decorsière et al., 2017). En l'absence d'HBx, l'hyperacétylation des histones liées à l'ADNccc médiée par p300 (activateur transcriptionnel qui possède un domaine histone acétyltransferase), est fortement altérée. Au contraire, les déacétylases, telles que HDAC1 et SIRT1, sont recruitées sur l'ADNccc [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF]. D'autre part, la protéine de capside, entrant dans le noyau simultanément à l'ADNrc, est un composant structurel de l'ADNccc, car elle se lie préférentiellement à l'ADN double brin d'HBV, ayant alors pour effet de réduire de 10% l'espacement nucléosomique (Bock, 2001). Lors de l'entrée dans les hépatocytes, l'ADN viral partiellement double brin est libéré dans le noyau, où il va ensuite être réparé et enveloppé par des protéines cellulaires histones, afin de former sa structure chromatinienne.

Dans ce contexte d'un minichromosome régulé épigénétiquement, et dont les étapes d'établissement restent fortement méconnues, les objectifs de notre équipe sont d'étudier l'interaction du virus de l'hépatite B avec la machinerie cellulaire hôte, pour mieux comprendre les mécanismes de formation et de régulation de l'ADNccc, en utilisant des modèles cellulaires pertinents. En effet, la recherche portant sur l'ADNccc a été entravée au cours du temps par l'absence de modèles d'infection appropriés, avec des lignées cellulaires produisant des niveaux d'ADNccc difficilement détectables, en raison de sa quantité, mais aussi de la spécificité nécessaire pour quantifier uniquement l'ADNccc, menant ainsi à une répercussion directe sur les approches, déjà limitées, pour étudier ce minichromosome.

Récemment, des études ont pu montrer que la conversion de l'ADNrc en ADNccc pouvait probablement être réalisée en exploitant la réponse aux dommages de l'ADN de l'hôte (Gomez-Moreno et Garaigorta, 2017). En effet, Kröniger et son équipe ont montré que la tyrosyl-ADN-phosphodiestérase 2 (TDP2), une enzyme de réparation de l'ADN, qui élimine les Thesis Locatelli Maëlle Preamble interactants covalents de l'ADN, était capable d'éliminer la polymérase de l'ADNrc. Les étapes menant à la conversion de l'ADNrc en ADNccc incluent d'autres preuves d'une interaction du virus avec la machinerie hôte, comme par exemple la complétion du brin positif du rcDNA par la polymérase κ.

Cependant, toujours peu de choses sont connues sur l'interaction entre l'ADNrc et la machinerie cellulaire de l'hôte, et de ce fait, les mécanismes à l'origine de l'assemblage et stabilité de l'ADNccc restent mal compris. C'est pourquoi, par ce projet, nous nous sommes intéressés au rôle des chaperones d'histones, assistant le trafic des histones, mais aussi principalement l'assemblage et le remaniement des nucléosomes, dans la chromatinisation de l'ADNccc.

Objectifs du projet de recherche :

Ce travail de thèse a eu pour objectifs : i) d'étudier la cinétique d'établissement et d'activité du cccDNA du VHB dans notre modèle HepG2-NTCP ; ii) l'identification d'éventuelles chaperones d'histones impliquées dans la formation et la chromatinisation de l'ADNcc ; iii) l'exploration de l'interaction HIRA/ADNccc du virus de l'hépatite B et la caractérisation des mécanismes impliqués.

Matériel et méthodes :

Des cellules HepG2-NTCP ont d'abord été infectées par HBV à une multiplicité d'infection de 250, durant différents temps de cinétique allant de 30 minutes à 72 heures, et les paramètres viraux ont ensuite pu être analysés, par qPCR et southern blot, nous permettant de determiner les délais d'apparition et d'observation possible de l'ADNccc. Dans un second temps, l'extinction de différentes chaperones d'histones, et plus particulièrement HIRA, dans un contexte pré-infectieux nous a permis d'évaluer si celles-ci avaient un effet sur l'établissment de l'ADNccc. Les marqueurs de la réplication du virus de l'hépatite B ont été suivis dans chaque condition par qPCR, RT-qPCR, Southern Blot et Western Blot. Finalement, le rôle des protéines virales HBx et HBc vis à vis de la chromatinisation de l'ADNccc et de l'interaction d'HIRA avec Thesis Locatelli Maëlle Preamble l'ADNccc a été analysé. En effet, l'utilisation d'un virus ΔHBx, ainsi que la réalisation de méthodes exploratoires des interactions (tels l'immunoprécipitation, l'immunoprécipitation de la chromatine, ou encore le test proximité entre protéines (PLA)) nous a permis d'explorer l'interaction d'HIRA avec l'ADN ainsi que de tenter de caractériser les mécanismes impliqués derrière la chromatinisation de l'ADNccc médiée par HIRA.

Résultats :

Nous avons été capables de détecter l'ADNccc dans la fraction nucléaire des hepatocytes dès 30 minutes après infection par qPCR, et dès 24 heures après infection par Southern Blot. De plus, l'extinction d'HIRA par ARN interférent avant infection par le virus de l'hépatite B, a conduit à une forte diminution de l'accumulation de l'ADNccc (observé à la fois en qPCR, mais aussi par Southern Blot). Cette diminution a pu être montrée comme étant indépendante de la protéine HBx, grâce à l'utilisation d'un virus HBx-défectueux. Les niveaux d'ADNrc restant stables, cela a permis d'indiquer que l'absence d'HIRA entraine une transition de l'ADNrc en ADNccc incomplète, ou retardée. L'analyse par immunoprecipitation de la chromatine a pu montrer qu'HIRA était liée à l'ADNccc dès 30 minutes après infection, et que son recrutement était concomitant avec le dépôt de l'histone H3.3, ainsi que la liaison de la capside du virus de l'hépatite B (HBc). Après 24 heures d'infection, une augmentation de la liaison de H3.3 et de l'ARN polymérase II sur l'ADNccc a été observée, en corrélation avec l'initiation de la transcription de l'ARN viral de 3,5 kb. Finalement, par des expériences de coimmunoprécipitation et de testde proximité entre protéines (PLA), nous avons montré que HIRA était capable d'interagir avec HBc dans des hépatocytes infectés et dans une lignée cellulaire HepaRG exprimant HBc de manière inductible.

Conclusions et perspectives :

En conclusion, nos résultats suggèrent que la chromatinisation de l'ADN viral entrant est un événement très précoce. Nous avons pu montrer que l'établissement de l'ADNccc nécessite la présence de l'histone chaperone HIRA. De plus, bien que HBx ne soit pas requis pour ce processus, HBc pourrait jouer un rôle majeur. En effet, la protéine de capside du virus de l'hépatite B interagit avec HIRA et l'ADNccc lors de l'infection, et ce de manière très précoce.

La compréhension des mécanismes précis de réparation et chromatinisation de l'ADNccc par

Thesis Locatelli Maëlle Preamble les protéines hôtes, ainsi que leurs interactions avec des protéines virales reste cependant encore à être examinée. En effet, c'est un premier pas vers le développement de nouvelles cibles thérapeutiques, comme le suggèrent ces informations dévoilant une interaction entre HIRA et HBc. 13: Schematic representation of the interaction between the polymerase and the HBV pgRNA in order to initiate the viral encapsidation step [START_REF] Beck | Hepatitis B virus replication[END_REF]. .......................................................... Figure 14 : Translocation mechanism of the primer from the 5' end to the 3' end of the pgRNA allowing the initiation of reverse transcription [START_REF] Beck | Hepatitis B virus replication[END_REF] 32 : Epigenetic regulation of cccDNA (adaptated from [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF]. .................................... Figure 33: HBV cccDNA epigenome in presence and in absence of HBx (From Hong et al., 2017) ............... 4 : cccDNA epigenetic modifications (adapted from [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF] Hepatitis B virus (HBV) chronically infects 240 million people worldwide and is the major cause of hepatocellular carcinoma (HCC). HBV infection is not cytopathic, but the virus persists in infected cells as supercoiled DNA, termed covalently closed circular cccDNA. It acts as a reservoir and is therefore responsible for the persistence of infection during chronic hepatitis B, even during antiviral treatment. This cccDNA is comparable to an intrahepatocytic episomal "minichromosome", organized into a nucleosomal structure, which will serve as a template for viral transcription. In the nucleus, it is present in this form of minichromosome with a structure called "beads-on-a-string" [START_REF] Bock | Hepatitis B virus genome is organized into nucleosomes in the nucleus of the infected cell[END_REF].

While current treatments (mainly nucleos(t)ide analogues) can reduce viral load to undetectable levels, they do not have a direct effect on the intrahepatic cccDNA pool. Since these treatments do not influence the entry of the virus, they can not prevent the initial formation of cccDNA. In addition, the transcriptional activity of this minichromosome persists, thus allowing the production of messenger RNAs and pregenomic RNA. The ultimate and ideal goal of treatment against chronic infection with hepatitis B virus is thus treatment resulting in the complete disappearance of the cccDNA pool.

Upon entry into hepatocytes, the partially double stranded viral DNA is released into the nucleus, where it is repaired and wrapped up by host histone proteins to form an episomal chromatinized structure. The mechanisms leading to cccDNA formation and stabilization are still largely unknown and their elucidation would be extremely useful to identify new therapeutic targets to impair cccDNA stability.

I II. Hepatitis B

Background

Hepatitis B virus (HBV), discovered in 1964 by Baruch Samuel Blumberg, chronically infects 240 million people worldwide (WHO, 2017). The persistence of viral replication is associated with a high morbidity and mortality, due to major complications. Indeed, it is estimated that acute and chronic HBV infections are responsible for around 800,000 deaths per year worldwide (i.e., ranked 15th in the Global Burden of Disease Study) [START_REF] Locarnini | Strategies to control hepatitis B: Public policy, epidemiology, vaccine and drugs[END_REF]. If acute hepatitis B can be resolved in 1-2 weeks, infected patients can develop chronic hepatitis B, which is defined by the persistence of HBsAg for more than 6 months. Untreated, chronic hepatitis B can lead to fibrosis, cirrhosis and ultimately hepatocellular carcinoma. Moreover, cirrhotic patients present an increased risk of liver decompensation, HCC and death [START_REF] Locarnini | Strategies to control hepatitis B: Public policy, epidemiology, vaccine and drugs[END_REF]. Prevalence of Hepatits B is defined as the percentage of people infected with HBV categorized in four groups: low (<2%), low-intermediate (2-4%), high-intermediate (5-7,9%) and high (>8%).

Seroprevalence of HBV, as measured by HBsAg carriage, is globally of 3.61% [START_REF] Chang | Epidemiology of hepatitis B and the role of vaccination[END_REF]. On this criteria, endemicity is categorized as low (<2%), low-intermediate (2-4.9%), highintermediate (5-7.9%) and high (>8%), with the highest levels of 8.63% being found in Africa [START_REF] Chang | Epidemiology of hepatitis B and the role of vaccination[END_REF] (Figure 1).

a a. Genotypes

Before the genotypic classification of HBV strains, nine different serotypes noted ayw (1)(2)(3)(4), ayr, adw2, adw4, adrq-and adrq + have been defined from sequences present in antigenic determinants located in the HBs envelope protein (Wagner et al., 2004).

Today, the genotypic classification of HBV is based on the comparison of nucleotide sequences of HBV strains. This classification takes into account the entire genome of HBV and currently identifies 8 genotypes, denoted A to J (Figure 2). The difference between two viral genotypes is defined by a variation of more than 8% of their entire nucleotide sequence and at least 4.1% in the surface gene (preS1, preS2, S). The correlation between serotypes and genotypes is far from perfect (Wagner et al., 2004). The genomes of different genotypes might have slightly different lengths. This is due to insertions or deletions in the regions encoding preS1 and core proteins.

Correlations between genotypes, clinical progression and treatment response have been established, although it is not possible to attribute to each genotype a predictive score for the severity of the associated disease. Genotype C is nevertheless associated with an increased mutation frequency in the core protein promoter leading to an increased resistance to IFN therapies (Kao et al., 2000a).

Finally, genotypes also seem to influence the occurrence of HCC, since genotype C chronic infection are more susceptible to hepatocellular carcinoma development in respect to those of genotype B [START_REF] Yu | Hepatitis B virus genotype and DNA level and hepatocellular carcinoma: a prospective study in men[END_REF]. 
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Major genotypes found in different regions of the world.

b b. Routes of transmission

HBV can be transmitted either vertically or horizontally (Dény and Zoulim, 2010):

Vertical transmission (or perinatal transmission), from mother to infant, is frequent in highly endemic zones and is the cause of one third of chronic infection in low endemic countries (WHO, 2013). It occurs during the peripartum or during the initial months after birth. In addition, it is important to note that the earlier the individual is infected, the higher the risk of developing a chronic infection.

Horizontal transmission occurs mainly by parenteral exposure to infected blood (blood transfusion, contaminated needles, on a razor blade for example (HBV can survive more than a week out of the body without losing its infectivity) (WHO, 2002)) or unprotected sexual contact with exchange of body fluids [START_REF] Kidd-Ljunggren | High levels of hepatitis B virus DNA in body fluids from chronic carriers[END_REF]. Sexual transmission is the predominant mode of infection in low-endemic countries [START_REF] De Franchis | EASL International Consensus Conference on Hepatitis B. 13-14[END_REF]. HBV, in its infectious form, is an enveloped virus of 42 nm in diameter [START_REF] Marion | Hepadna viruses: hepatitis B and related viruses[END_REF]. Also called Dane particles (after their discoverer; [START_REF] Dane | Virus-like particles in serum of patients with Australia-Antigen-Associated Hepatitis[END_REF], the virion is composed of a single icosahedral nucleocapsid formed by the assembly of core protein (HBc). This capsid, formed of 90 or 120 HBc dimers depending on its symmetry, is surrounded by a complex envelope formed exclusively by the three viral envelope proteins (S-, M-and L-HBsAg in a ratio of 4:1:1) and contains the 3.2 kb viral genome consisting of circular relaxed double-stranded DNA (rcDNA) covalently linked to the viral polymerase (Knipe and Howley, 2013). In the serum of patients, viral titer can go up to 10 10 genomecopies/ml.

HBV biology

Subviral non-infectious particles (SVP) are only composed of envelop proteins. SVP are of, approximatively, 22 nm in diameter and circulate in the serum of patients. SVP are secreted by infected cells, in 1 000 to 10 000 fold excess compared to virions [START_REF] Urban | Strategies to inhibit entry of HBV and HDV into hepatocytes[END_REF].

Two types of SVP are formed: spheres, composed mainly of S protein, with an octahedral symmetry, and filaments, which are asymmetrical with variable length and width.

Filaments possess the same HBsAg ratio as Dane particles. The formation of SVP is related to the self-assembly ability of the HBs protein [START_REF] Huovila | Hepatitis B surface antigen assembles in a post-ER, pre-Golgi compartment[END_REF] (Figure 3). Their role in HBV infection is still a matter of debate, but they are supposed to represent a decoy for the immune system.

In addition to these HBsAg containing particles, identified from patients' sera, two other sub-viral forms have been described:

Non-enveloped nucleocapsids, found to be secreted in vitro by HBV replicating hepatoma cell lines and suggested to play a role in virus spreading [START_REF] Cooper | Clathrin-mediated Endocytosis and Lysosomal Cleavage of Hepatitis B Virus Capsid-like Core Particles[END_REF][START_REF] Watanabe | Involvement of host cellular multivesicular body functions in hepatitis B virus budding[END_REF]. They have also been shown to be released upon hepatocytes apoptosis [START_REF] Arzberger | Apoptosis of Hepatitis B Virus-Infected Hepatocytes Prevents Release of Infectious Virus[END_REF]. These nucleocapsids may contain viral DNA, but also all the intermediates between RNA encapsidation to final DNA retrotranscription (see viral life cycle). Indeed, it appears that HBV may secrete RNAcontaining particles that have been found in the blood of infected patients [START_REF] Jansen | Hepatitis B Virus Pregenomic RNA Is Present in Virions in Plasma and Is Associated With a Response to Pegylated Interferon Alfa-2a and Nucleos(t)ide Analogues[END_REF]. The nature of the HBV RNA present in the serum remains to be defined, as some reports mention the presence of pgRNA [START_REF] Wang | Histones Are Rapidly Loaded onto Unintegrated Retroviral DNAs Soon after Nuclear Entry[END_REF], and others indicate the possibility for minus strand DNA-pgRNA hybrids [START_REF] Hu | Complete and Incomplete Hepatitis B Virus Particles: Formation, Function, and Application[END_REF] Their existence and role in vivo has still to be demonstrated;

Enveloped empty capsids have been described in patients' sera, but their relevance and function is still to be determined [START_REF] Luckenbaugh | Genome-free hepatitis B virion levels in patient sera as a potential marker to monitor response to antiviral therapy[END_REF]. ii. Viral DNAs rcDNA With a 3.2 kb genome, HBV possess the smallest genome of all known DNA viruses. In an atypical manner, the genome of this virus, called relaxed circular DNA (rcDNA), is in the form of a partially double-stranded circular DNA consisting of a complete negative strand and an incomplete positive strand. It is found in secreted viral particles but also in mature capsid in the cytoplasm of infected hepatocytes. The complete negative strand is the template for transcription, and is linked to the viral polymerase at its 5' extremity (Figure 4). The incomplete stand, as for it, presents a gap and a 3' ending of variable length [START_REF] Summers | Genome of hepatitis B virus: restriction enzyme cleavage and structure of DNA extracted from Dane particles[END_REF]. It is also associated with a RNA oligomer in its 5' end, which derives from the pre-genomic RNA (pgRNA) and serves as a primer for the synthesis of the positive strand.

In order to keep this DNA in circular form, a sequence of 200 nucleotides located 5 'of the positive strand and overlapping the 5' and 3' extremity of the negative strand is absolutely required [START_REF] Gao | Formation of hepatitis B virus covalently closed circular DNA: removal of genome-linked protein[END_REF]. This overlapping region contains the direct repeat region (DR) 1 and 2, mandatory for viral replication (Knipe and Howley, 2013).

rcDNA contains four open reading frames (ORF), 4 promoters, 2 enhancers elements and 1 single polyadenilation signal. Because of its small genome size, HBV ORFs are overlapping; thus a mutation in one gene most likely has consequences on another HBV gene (Nassal, 2015).

HBV ORFs are all oriented in the same direction and led to the production of the 7 viral proteins:

Polymerase ORF, the largest ORF, which represents 80% of HBV viral genome and codes for the viral polymerase.

Pre-S1/Pre-S2/S ORF is within the Polymerase ORF, has 3 in-phase start codons and is coding for the 3 different forms of HBV envelop protein (S-, M-, and L-HBsAg, for small, medium, and large HBsAg).

Pre-Core/Core ORF presents 2 in-phase initiation codons and codes for secreted HBeAg and HBcAg (capsid protein).

X ORF codes for the X protein. Organization of HBV genome and its open reading frames. The rcDNA contains a complete negative strand and an incomplete positive strand. At the 5' end of the negative strand is found the polymerase (pol). At both ends of the negative strand are the redundant sequences preventing the closure of this strand (direct repeats -DR). The RNA primer is located at the 5' end of the positive strand.

dsL-DNA Double-stranded Linear DNA (dsL-DNA) can be formed during viral replication. Indeed, in 10% of the time, the primer from the pgRNA is not translocated, thus leading to the formation of a linear double-stranded DNA (see later in figure 15) [START_REF] Tu | HBV DNA Integration: Molecular Mechanisms and Clinical Implications[END_REF]. This dsL-DNA can be converted to cccDNA, following a different pathway, via non homologous end joining (NHEJ). Generally, this conversion leads to defective cccDNA, which contains deletions in gap, due to the repair. This intermediate of replication leads to a major part of HBV DNA integration. cccDNA Covalently closed circular DNA is a form of HBV DNA that persists within infected hepatocytes, and its role will be described in the chapter "Viral minichromosome: cccDNA".

iii.

RNA transcripts

As for all viruses belonging to the hepadnaviridae family, HBV replication takes place through RNA intermediates. From the four ORFs, five messenger RNAs (mRNA) are generated by cellular RNA polymerase II, using cccDNA as template. All these mRNAs possess a 5' cap and the same polyadenylation site/tail (Figure 5).

The Pregenomic RNA (pgRNA) of 3.5 kb is synthesized from the preC/C promoter and represents the entire genome. It encodes the polymerase, the capsid HBc protein and the HBSP protein produced by alternative splicing. The polymerase and HBc are not in frame and the detection of the ORF of the polymerase is much less effective than that of HBc.

Indeed, usually, 240 HBc proteins are translated for one or two polymerases [START_REF] Seeger | Hepatitis B Virus Biology[END_REF]. The pgRNA is also the template for de novo synthesis of rcDNA through reverse transcription.

3.5 kb Pre-Core mRNA (a few bases longer than pgRNA) that encodes soluble and secreted HBeAg.

Two subgenomic mRNAs of 2.4 and 2.1 kb are produced from the preS1 and preS2/S promoters respectively. The 2.4 kb RNA codes for the large envelope protein labeled L and the other RNA codes for the M and S proteins.

A small 0.7 kb RNA codes for the HBx protein [START_REF] Moolla | Regulatory elements of hepatitis B virus transcription[END_REF].

Transcription of the 4 ORFs is monitored by 4 promoters, 2 enhancers and a cis-acting negative regulatory element. Regulatory elements are active only once rcDNA has been converted to cccDNA [START_REF] Moolla | Regulatory elements of hepatitis B virus transcription[END_REF]. Further details of transcription regulation will be addressed in the cccDNA paragraph. Schematic representation of HBV RNA transcripts with initiation codons and shared polyA tail. Four promoters regulate the expression of HBV genes, the preS1 promoter (pPS), the preS2 promoter (PS), the X promoter (pX) and the Core promoter (pC). The promoters are under the control of two enhancers, the enhancer 1 (Enh-1), and enhancer 2 (Enh-2).

In addition to the different mRNAs encoded by the cccDNA, are found a series of spliced (SP)

HBV RNAs. Those spliced form have been described in cell systems as well as in HBV-infected liver. The most frequently observed spliced variant is a 2.2 kb molecule, called SP1, which is formed through the removal of a 1.3 kb portion of the pgRNA (Figure 6). This variant accounts for up to 30% of pgRNAs [START_REF] Bayliss | Hepatitis B virus splicing is enhanced prior to development of hepatocellular carcinoma[END_REF]. Spliced forms of HBV RNAs can be, as pgRNA, encapsidated and reverse transcribed into a defective HBV DNA, forming abnormal particles.

The level of defective particles in the sera of patients with CHB has been shown to be correlated with liver disease, and to be enhanced prior the development of HCC. Furthermore, spliced variants can directly impact HBV replication. Indeed, the Sp10 variant, isolated from the serum of a patient with HCC, was reported to increase replication in vitro (Ma et al., 2009).

Spliced variants are also associated with an impaired response to interferon therapy [START_REF] Chen | Hepatitis B virus spliced variants are associated with an impaired response to interferon therapy[END_REF]. This is to be noted, as an increased replication is a major risk factor for the development of hepatocarcinoma [START_REF] Lupberger | Hepatitis B virus-induced oncogenesis[END_REF][START_REF] Brechot | Hepatitis B virus (HBV)-related hepatocellular carcinoma (HCC): Molecular mechanisms and novel paradigms[END_REF]. 

iv. Viral proteins

Surface proteins (HBsAg): small, medium and large

The three viral envelope proteins (S, M and L) are synthesized from two different mRNAs from the same ORF. The larger 2.4 kb mRNA encodes the large envelope protein L. The other 2.1 kb mRNA encodes the M or S proteins according to the translation initiation site used. Since the transcription start site of the mRNA coding for the HBs protein is more frequently recognized by the ribosomes, four times more S-HBs is synthesized with respect to the M protein [START_REF] Sheu | Preferential ribosomal scanning is involved in the differential synthesis of the hepatitis B viral surface antigens from subgenomic transcripts[END_REF]. The three HBV envelope proteins all contain the same carboxy terminal domain (Cter) coding for HBs, while the M and L proteins have the preS2 domain. Finally, the L protein is the only one to have the preS1 domain (Figure 7).

These surface proteins have four transmembrane domains and are synthesized in the endoplasmic reticulum and then matured in the Golgi apparatus. Moreover, they are all three modified by N-or O-glycosylation and the L protein is also myristylated on its second amino acid.

Domain S also has cysteine residues that allow disulfide bridges to be formed between envelope proteins to form virus particles [START_REF] Wounderlich | Characterization of early hepatitis B virus surface protein oligomers[END_REF]. This domain also carries the determinant "a" (amino acids 124-147) which is the major target of the neutralizing antibodies.

M protein is not necessary for the formation or infectivity of viral particles [START_REF] Bruss | The role of envelope proteins in hepatitis B virus assembly[END_REF].

The L protein is essential for both capsid envelopment during virion morphogenesis as well as viral entry via the binding to the sodium-taurocholate cotransporting polypeptide (NTCP) HBV receptor, which is expressed at the surface of hepatocytes [START_REF] Schulze | Fine mapping of pre-S sequence requirements for hepatitis B virus large envelope protein-mediated receptor interaction[END_REF]. During its synthesis, the L protein is inserted into the endoplasmic reticulum membrane by means of topogenic proximal signals of the S domain. Interestingly, the first transmembrane domain of the protein cannot be translocated and remains cytosolic. The L protein exhibiting this topology is called i-preS and allows interaction with the nucleocapsids during wrapping.

Unknown translocation signals allow insertion of a first transmembrane domain into the membrane thus forming the e-preS form that promotes interaction with the HBV receptor [START_REF] Prange | Host factors involved in hepatitis B virus maturation, assembly, and egress[END_REF]. Translation is initiated at different in-frame positions with the L form containing the 108 aa PreS1 domain, and the 55 aa PreS2 domain, the M-HBsAg contining the PreS2 and the shortest S form just the S protein.

The three forms share the same C-terminus.

Capsid protein (HBcAg)

The core protein, also called capsid protein, is a 183 aa long, and 21 kDa protein that forms the viral icosahedral capsid of HBV. This protein is composed of two domains separated by a linker: the "core" domain (amino acids 1 to 140) and the "protamine" domain (residues 150-183) (Figure 8).

The "core" domain at the amino terminus (Nter), also called NTD (N-terminal domain) allows self-assembly of core protein into capsid [START_REF] Birnbaum | Hepatitis B virus nucleocapsid assembly: primary structure requirements in the core protein[END_REF]. It also contains two predictive epitopes for the immune response whose immunodominant loop includes residues 78 to 83 [START_REF] Steven | Structure, assembly, and antigenicity of hepatitis B virus capsid proteins[END_REF]. Indeed, HBc is recognized by the host's immune system when expressed on the surface of hepatocytes, inducing a T-cell mediated immune response against infected cells [START_REF] Lee | Hepatitis B virus infection[END_REF].

The "protamine"-rich domain, or CTD for C-terminal domain, has two functions. It contains a nuclear localization pattern (NLS) regulated by phosphorylation. Its exposure on the surface of nucleocapsids allows their transport to the nucleus of the cell. In addition, this domain has four arginine-rich clusters that bind nucleic acids and encapsidate pgRNA [START_REF] Nassal | The arginine-rich domain of the hepatitis B virus core protein is required for pregenome encapsidation and productive viral positive-strand DNA synthesis but not for virus assembly[END_REF]. Phosphorylation level of CTD regulates capsid maturation. For instance, once core dephosphorylation is performed, conformational reorganisation of CTD, and finally DNA synthesis can be induced. This leads to the exposure of the binding sites, allowing the interaction with the envelop protein, and then to the assembly of mature virions [START_REF] Mabit | Intracellular hepadnavirus nucleocapsids are selected for secretion by envelope protein-independent membrane binding[END_REF][START_REF] Perlman | Reverse transcriptionassociated dephosphorylation of hepadnavirus nucleocapsids[END_REF].

The core protein has a secondary structure in α helices and has the ability to assemble into dimers. The presence of disulfide bridges between each protein makes it possible to stabilize this structure. The association of an HBc dimer results in the formation of a composite peak by the union of four α-helices.

The oligomerization of the HBc dimers then leads to the formation of the viral capsid of T3 or T4 symmetry depending on the number of HBc dimers involved (90 or 120 respectively). The viral capsid of T4 symmetry of 36 nanometers in diameter is mostly found in virions [START_REF] Steven | Structure, assembly, and antigenicity of hepatitis B virus capsid proteins[END_REF]. Pores are present in the capsid probably for the entry and exit of nucleotides (Figure 9).

HBc protein is very variable in vivo [START_REF] Chain | Variability and conservation in hepatitis B virus core protein[END_REF]. The in vitro individual mutation of 52 aa in the core domain of HBc determined which were important in the formation of capsids or virions [START_REF] Ponsel | Mapping of Amino Acid Side Chains on the Surface of Hepatitis B Virus Capsids Required for Envelopment and Virion Formation[END_REF]. It emerges from this study that the amino acids at position 17, 18, 60, 95, 96, 122, 127, 136, 137 and 139 are important for the enveloping of the capsids formed. 

Pre-Core protein and HBeAg

The HBe protein is a circulating peptide derived from the core protein. Contrary to HBc protein, it is translated from the 3.5 kb PreCore mRNA and contains the same domains (NTD and CTD) (Figure 8) as the core protein extended by a 29 aa at the N-terminus (Yeh et al., 1990). The initiator codon of the translation used is located 87 nucleotides upstream from that used for the synthesis of the HBc protein.

After two successive cleavages, the mature form of this protein is generated. First, the HBe protein is synthesized as a 25 kDa precursor. The latter, thanks to the presence of a hydrophobic sequence of 19 aa, is directed towards the endoplasmic reticulum. Subsequently, this hydrophobic sequence present in Nter is cleaved by a furine producing a 22 kDa protein [START_REF] Messageot | Proteolytic processing of the hepatitis B virus e antigen precursor. Cleavage at two furin consensus sequences[END_REF]. This protein is then cleaved again in Cter in its arginine-rich domain to form the secreted HBe protein of 15 to 18 kDa [START_REF] Ito | Characterization of genotype-specific carboxylterminal cleavage sites of hepatitis B virus e antigen precursor and identification of furin as the candidate enzyme[END_REF].

This protein does not seem essential for the establishment of the viral cycle but is important for establishing persistent infections in vivo [START_REF] Dandri | New insight in the pathobiology of hepatitis B virus infection[END_REF]. Moreover its presence in all Hepadnaviridae suggests a preponderant role of this protein for the virus.

The HBe antigen has been shown to play an immunoregulatory role. Because of its mimicry of the HBc protein, HBe saturates the immune system receptors thus allowing the virus to escape an immune response [START_REF] Lee | Hepatitis B virus infection[END_REF]. Indeed, HBe has been shown to decrease the secretion of IFN-γ produced by lymphocytes (Han et al., 2013).

Polymerase (Pol)

HBV polymerase (845 aa; 90 kDa) is the only enzymatic protein coded by the HBV genome and contains four different domains (Figure 10):

-A first domain, the TP domain, (aa 1 to 180) corresponding to the terminal protein which connects the polymerase to the 5' end of the negative strand through tyrosine Y63, (Lanford et al., 1997, Zoulim and[START_REF] Zoulim | Reverse transcription in hepatitis B viruses is primed by a tyrosine residue of the polymerase[END_REF] and which has a primase activity. This primase allows the initiation of reverse transcription by synthesizing a primer of 3 to 4 nucleotides.

Furthermore, this domain is necessary for the interaction of the polymerase with the « epsilon » ε, the signal leading to the packaging of pgRNA.

-A second domain (aa 181 to 349) called "spacer" which is genetically variable and whose role has not yet been clarified. This region overlaps the envelope domain and could allow flexibility of the envelope protein sequence that impacts on polymerase functions [START_REF] Chen | Computational Evolutionary Analysis of the Overlapped Surface (S) and Polymerase (P) Region in Hepatitis B Virus Indicates the Spacer Domain in P Is Crucial for Survival[END_REF].

-A third domain (aa 350 to 693) denoted "pol/RT" (polymerase/retrotranscriptase) comprises two functions. On one hand, it carries the RNA-polymerase-dependent activity, allowing the reverse transcription of the pgRNA into the DNA minus strand. On the other hand, it carries the dependent DNA polymerase activity which generates the positive strand.

-A fourth and last domain (aa 694 to 845) corresponding to the RNaseH domain. This domain allows the viral polymerase to degrade the pgRNA after the retrotranscription of the DNA minus strand [START_REF] Seeger | Hepatitis B Virus Biology[END_REF]. RNAse-H inhibitors have been shown to block HBV replication and could therefore be a potential target for therapeutic options [START_REF] Tavis | The hepatitis B virus ribonuclease H as a drug target[END_REF]. X protein (HBxAg)

The and that trans-complementation of the HBx-mutated plasmid with wild-type HBx was restoring the replication. Later, it was confirmed that infection with an HBV mutant lacking the HBx protein is associated with repressed transcription from cccDNA (Lucifora et al., 2011). It turns out that the HBx protein plays a role of transcriptional activator of the cccDNA by recruiting histone acetylases resulting in an increase in the replication [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF]. Furthermore, a recent study aiming at identifying the direct genomic targets of HBx by ChIP-Seq analysis, allowed to uncover new genes and ncRNAs targeted by HBx and involved in the positive regulation of cccDNA transcription and HBV replication [START_REF] Guerrieri | Genome-wide identification of direct HBx genomic targets[END_REF]. This sequencing showed that HBx could activate several genes and miRNA, able to increase endocytosis and autophagy, thus favoring HBV replication. HBx is also able to repress miRNAs such as miR-224 or miR-138, which could potentially be involved in the inhibition of HBV replication, by targeting HBV pgRNA.

The HBx protein has many activities. In vitro, this protein is a transcriptional transactivator of many cellular and viral genes. Thus, this protein is involved in many cellular pathways such as cell cycle, apoptosis, or DNA repair. In addition, it interacts with different partners such as the proteasome, p53 (protein 53), and DDB1 (DNA damage-binding protein 1) (Benhenda et al., 2009). Finally, more recently, a study has shown that X protein was able to interact with the DDB1/E3 ubiquitin ligase to degrade the Smc5/6 complex, implicated in the restriction of cccDNA (Decorsière et al., 2016).

It is important to note that the first demonstrations of HBx involvement in HBV replication have been conducted in transfection models, with a genome mutated for HBx. Thus meaning that HBx protein is necessary for HBV replication, but not for the establishment of the infection.

Other studies have shown a possible implication of the HBx protein in carcinogenesis. Indeed, HBx not only modifies transcription at the genetic level by interacting with other proteins but also act by modifying epigenetic levels of target genes. For example, HBx has been shown to induce DNA hypermethylation of host genes such as tumor-suppressor genes like p16 (INK4A) [START_REF] Tian | Hepatitis B virus X protein-induced aberrant epigenetic modifications contributing to human hepatocellular carcinoma pathogenesis[END_REF]. In addition, the portion of the viral DNA encoding this protein is the most frequently found integrated into the genome of host cells [START_REF] Unsal | Genetic heterogeneity of hepatocellular carcinoma[END_REF]. Finally, integrated HBx is frequently mutated. Overall, integration of HBx and its mutations appear to be important in the process of HCC tumorigenesis [START_REF] Yeh | Identification and characterization of a prevalent hepatitis B virus X protein mutant in Taiwanese patients with hepatocellular carcinoma[END_REF][START_REF] Tu | Biological impact of natural COOH-terminal deletions of hepatitis B virus X protein in hepatocellular carcinoma tissues[END_REF].

Hepatitis B splicing-regulated protein (HBSP)

The Hepatitis B Spliced protein (HBSP) was discovered in HBV chronically infected patient's biopsies. HBSP is produced from a 2.2 kb spliced form of the pgRNA, called SP1, which is later translated into a 12 kDa protein of 93 aa (Figure 11) [START_REF] Soussan | In vivo expression of a new hepatitis B virus protein encoded by a spliced RNA[END_REF]. Translation of this protein starts from the polymerase AUG codon, and, therefore, the first 46 aa of HBSP and viral polymerase are identical. The following 47 aa are a new sequence generated by the new spliced RNA sequence. The biological functions of this protein are still under investigation.

However, HBSP seems to play a role in the pathogenicity and/or persistence of HBV infection [START_REF] Soussan | The expression of hepatitis B spliced protein (HBSP) encoded by a spliced hepatitis B virus RNA is associated with viral replication and liver fibrosis[END_REF].

Indeed, HBSP has been show to decrease liver inflammation during chronic HBV infection and could be promoting infection by down-regulating the immune responses [START_REF] Pol | Alternative splicing-regulated protein of hepatitis B virus hacks the TNF-αstimulated signaling pathways and limits the extent of liver inflammation[END_REF].

Indeed, [START_REF] Duriez | Alternative splicing of hepatitis B virus: A novel virus/host interaction altering liver immunity[END_REF] highlighted the ability of HBSP to control the recruitment of inflammatory monocyte/macrophages by downregulating the expression of C-C motif chemokine ligand 2 (CCL2). By decreasing CCL2, HBV, through HBSP could be escaping immune responses during liver pathogenesis. Schematic representation of pgRNA splicing to form the spliced mRNA of 2.2 kb later translated to form HBSP.

Viral life cycle a a. Viral Entry

The envelope of HBV virions interacts with heparan sulfate proteoglycans (HSPG) in an electrostatic manner, a process that is necessary but not sufficient for the permissive entry of virions [START_REF] Leistner | Role of glycosaminoglycans for binding and infection of hepatitis B virus[END_REF][START_REF] Schulze | Hepatitis B virus infection initiates with a large surface protein-dependent binding to heparan sulfate proteoglycans[END_REF].

Until 2012, HBV entry receptor was still unknown. However, through a protein affinity purification approach, [START_REF] Yan | Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus. eLife 1[END_REF]) (Fu et al., 2017) discovered that NTCP (sodium taurocholate cotransporting polypeptide) interacted with the preS1 portion of envelope proteins (Figure 12, step 1). A peptide of 75 aa at the N-terminal sequence of Pre-S1 binds to NTCP to allow entry [START_REF] Urban | Strategies to inhibit entry of HBV and HDV into hepatocytes[END_REF]. This receptor allows the transport of bile acids. In addition, the extinction of this protein inhibits HBV infection and its expression is sufficient to make cells permissive to HBV [START_REF] Yan | Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus. eLife 1[END_REF]. L-HBsAg is mandatory for viral entry into hepatocytes.

Moreover, the antigenic loop of S-HBsAg also seems to play a role, as shown by a lack of infectivity when there is a modification of this antigen loop [START_REF] Julithe | Modification of the hepatitis B virus envelope protein glycosylation pattern interferes with secretion of viral particles, infectivity, and susceptibility to neutralizing antibodies[END_REF][START_REF] Duff | The pre-S1 and antigenic loop infectivity determinants of the hepatitis B virus envelope proteins are functionally independent[END_REF].

The steps of HBV internalization after binding to the receptor are not completely clear. A pHindependent endocytosis mechanism has been proposed, and both caveolin, on one side, and clathrin, on the other side, have been suggested to be involved [START_REF] Huang | Entry of Hepatitis B Virus into Immortalized Human Primary Hepatocytes by Clathrin-Dependent Endocytosis[END_REF][START_REF] Macovei | Regulation of hepatitis B virus infection by Rab5, Rab7, and the endolysosomal compartment[END_REF]. A recent study has highlighted the implication of glypican 5 as a co-entry factor of HBV [START_REF] Verrier | Cell Culture Models for the Investigation of Hepatitis B and D Virus Infection[END_REF], and other cofactors are currently being investigated. To form the cccDNA pool, the nucleocapsid, containing rcDNA, must be transported into the nucleus by the microtubular system (Figure 12, step 2). During encapsidation, the C-terminal ends of capsid-forming HBc proteins are bound to the pgRNA by their arginine-rich domains.

Protein kinase C (PKC) is also present in the capsid [START_REF] Kann | Effect of core protein phosphorylation by protein kinase C on encapsidation of RNA within core particles of hepatitis B virus[END_REF]. The synthesis of the negative DNA strand by reverse transcription leads to the release of these C-terminal ends. They become accessible to phosphorylation by PKC [START_REF] Kann | Effect of core protein phosphorylation by protein kinase C on encapsidation of RNA within core particles of hepatitis B virus[END_REF]. There is therefore a competition between phosphorylation and binding core-pgRNA which are carried out on the same site. The Cter are thus exposed to the surface of the capsid. At the C-terminus of HBc are the NLS sequences. A karyopherin, the importin α, can then bind the NLS and transports the capsid to the nucleus A question arises regarding the removal of the capsid to release the HBV genome: is the capsid removed in the cytoplasm, nucleus or at the nuclear pore?

The capsids are transported intact to the nuclear pore [START_REF] Köck | Generation of covalently closed circular DNA of hepatitis B viruses via intracellular recycling is regulated in a virus specific manner[END_REF][START_REF] Rabe | Nuclear import of hepatitis B virus capsids and release of the viral genome[END_REF].

Immature capsids which are not containing partially double-stranded DNA are retained at nuclear pore to be matured. The hypothesis is that there is probably not enough C-terminal phosphorylated HBc ends exposed and detected outside the capsid [START_REF] Rabe | Nuclear import of hepatitis B virus capsids and release of the viral genome[END_REF]. So only mature capsids containing rcDNA and not immature capsids containing pgRNA will be able to disassemble [START_REF] Kann | Intracellular transport of hepatitis B virus[END_REF].

The conversion of single-stranded DNA to double-stranded DNA then destabilizes the capsid in the nuclear pore [START_REF] Dhason | Differential assembly of Hepatitis B Virus core protein on single-and double-stranded nucleic acid suggest the dsDNA-filled core is spring-loaded[END_REF][START_REF] Rabe | Nuclear import of hepatitis B virus capsids and release of the viral genome[END_REF]. Then, the rcDNA is liberated actively in the nucleus in an ATP-dependent manner (Kann et al., 1997) (Figure 12, Step 3). HBc proteins in the form of mono-or dimers are still attached to HBV DNA in the nucleus [START_REF] Köck | Generation of covalently closed circular DNA of hepatitis B viruses via intracellular recycling is regulated in a virus specific manner[END_REF].

The cccDNA can then be synthesized from the rcDNA (Figure 12, step 4) either incoming or recycling virions. The conversion from rcDNA to cccDNA requires several steps [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF]Nassal, 2015) that will be addressed in the cccDNA paragraph.

Viral DNA integration (Figure 12,A) is not required for viral replication. However, integration of the viral DNA can happen in patients in 10 to 100 % of hepatocytes during chronic hepatitis [START_REF] Summers | Hepatocyte turnover during resolution of a transient hepadnaviral infection[END_REF]. HBV DNA integration in the host genome seems to be a random process.

Indeed, it is not confined to a specific chromosome, nor close to oncogenic regions. Generally, the genome of HBV is not fully integrated (in most cases HBx and preS genes are found integrated), and in about 40% of cases, the HBV insert is located between the viral enhancer and the ORFs coding the genes X or C [START_REF] Wang | Hepatitis B virus integration in a cyclin A gene in a hepatocellular carcinoma[END_REF]Seeger and Mason, 2015). Thus, this integration can lead to the expression of viral proteins in hepatocytes, such as the truncated or non-truncated preS/S protein, and mutated or truncated forms of HBx, which will destabilize many cellular pathways. The integration of the viral genome is the cause of a strong genomic instability, leading to clonal expansion, and results in the modulation of the expression of many genes involved in hepatocarcinogenesis.

The integration have been proposed to play a role in the development of HCC but a positive correlation has not been established yet (Seeger and Mason, 2015). A model has been proposed in which HBV ds-linear-DNA-containing particles in the inoculum might facilitate the integration of HBV DNA into host genome, through homologous recombination at the sites of double strand breaks in the host DNA [START_REF] Tu | HBV DNA Integration: Molecular Mechanisms and Clinical Implications[END_REF]. Once synthesized, the polymerase binds to the 5 'end of its own RNA template on a hairpin structure named ε loop, resulting in the recruitment of core protein dimers and the encapsidation of this polymerase-RNA complex in the capsid (Figure 12, Step 6 -Figure 13). The interaction with HBc leads to the initiation of the reverse transcription. Chaperone proteins such as Hsp90

(heat shock protein 90 kDa) as well as the Cter portion of the arginine-rich core protein are necessary in order to interact with the ε-polymerase complex and allow this step [START_REF] Hu | Requirement of heat shock protein 90 for human hepatitis B virus reverse transcriptase function[END_REF][START_REF] Nassal | The arginine-rich domain of the hepatitis B virus core protein is required for pregenome encapsidation and productive viral positive-strand DNA synthesis but not for virus assembly[END_REF]. The elongation of a DNA strand being made from a 3'-OH end, this primer must be moved 3' of the pgRNA template for the synthesis to continue. For this, it is accepted that the pgRNA is found in a loop conformation with high proximity of the 3'and 5' ends led by cellular factors such as the eIF-4G elongation initiation factor (Figure 14-B). This structure allows the "jump" of the primer on a complementary sequence which is present in the DR1 (repeated region) in 3' [START_REF] Beck | Hepatitis B virus replication[END_REF]. Initiation of retrotranscription requires the synthesis of a few nucleotide primer (in red). In order for the synthesis of the negative strand of the rcDNA to begin, this primer must be shifted 3 'of the pgRNA to the DR1 domain. To do this, 5' and 3' ends are brought closer by the eIF-4G factor (FIG. B). Thus the jump of the primer is facilitated.

The negative strand of the DNA is thus synthesized. Next, the RNase-H activity of the polymerase induces the destruction of the pgRNA apart from 15 to 18 nucleotides in 5' of the pgRNA (Figure 15 -step A). This primer is translocated in 5' of the negative strand thanks to the complementarity between DR1 and DR2 and initiates the elongation of the positive DNA strand (Figure 15 -step B). The mechanism of this translocation is still unknown. In some cases, the primer is not translocated which leads to the formation of double-stranded linear DNA (Figure 15 -step E).

To finish the synthesis of the positive strand, the DNA must be circularized. This circularization of the rcDNA is carried out thanks to the pairing of the redundant sequences r at 3' and 5' of the DNA (Figure 15 -Steps C and D) (Figure 12 -Step 8) [START_REF] Beck | Hepatitis B virus replication[END_REF]. Following synthesis of the negative strand, the pgRNA template is destroyed. Only a primer of about fifteen nucleotides, 5 'of the gRNA, is retained (A). This primer is then translocated 5 'of the negative strand by an unknown mechanism (B). The DNA is then circularized to finish the synthesis of the positive strand (C) and obtain the cDNA (D). In some cases, the primer from the gRNA is not translocated. This leads to the formation of a linear double-stranded DNA (E).

d d. Assembly and secretion

After formation, the viral nucleocapsids have two fates: either they are enveloped and then secreted as virions, or they are recycled (Figure 12 -B) in the nucleus to replenish the cccDNA pool.

Two other types of particles are secreted; subviral particles composed solely of envelope proteins and non-enveloped capsids. The secretion pathways will then differ between virions and subviral particles:

Virions are assembled and secreted through multi vesicular bodies (MVB) (Figure 12 -

Step 9)

Subviral particles are assembled and secreted through ER-Golgi intermediate compartment and follow Golgi secretory pathway [START_REF] Huovila | Hepatitis B surface antigen assembles in a post-ER, pre-Golgi compartment[END_REF][START_REF] Watanabe | Involvement of host cellular multivesicular body functions in hepatitis B virus budding[END_REF].

Models for HBV replication study

The complete HBV replication cycle has been described to happen only in differentiated hepatocytes and in a few species.

Due to the limited range of susceptible and permissive hosts to HBV infection, only a few models are available to study HBV life cycle, both for in vitro and in vivo studies (see Table 1).

a. In vitro models i.

Hepatoma cell lines

Various hepatoma cell lines are used to study HBV replication such as Huh7 or HepG2 cells [START_REF] Galle | Production of infectious duck hepatitis B virus in a human hepatoma cell line[END_REF][START_REF] Nakabayashi | Growth of human hepatoma cells lines with differentiated functions in chemically defined medium[END_REF]. Huh7 and HepG2 cells were isolated from two hepatocellular carcinomas.

However, these cells are not permissive to natural infection with HBV. Thus, in order to bypass the entry step, which limits the infection of these cells by HBV, transient or stable transfection techniques but also baculovirus transduction with a genome coding for HBV have been implemented.

The isolation of a new non-transformed hepatoma line, the HepaRG line, made it possible to overcome this problem [START_REF] Gripon | Infection of a human hepatoma cell line by hepatitis B virus[END_REF]. After two weeks of confluent culture and then two weeks of differentiation with DMSO, these cells polarize and become bile cells as well as hepatocytes that can be infected by HBV. These cells are capable of producing a complete replication cycle [START_REF] Hantz | Persistence of the hepatitis B virus covalently closed circular DNA in HepaRG human hepatocyte-like cells[END_REF]. The availability and infectivity of this line makes it a model of choice for the study of HBV lifecycle.

More recently, new models to study the complete HBV life cycle have been established and characterized. Those are hepatoma cell lines, which express the receptor for viral entry (HepG2-hNTCP, Huh7-hNTCP) [START_REF] Li | Entry of hepatitis B and hepatitis D virus into hepatocytes: Basic insights and clinical implications[END_REF].

ii.

Primary Human Hepatocytes

The most relevant model remains the primary human hepatocytes or PHH. These cells, directly isolated from a piece of human liver, are theoretically 100% HBV-infective [START_REF] Schulze | Hepatocyte polarization is essential for the productive entry of the hepatitis B virus[END_REF]. However, the availability of this material is a limiting factor and these cells are only infectable for a very short time (between 3 and 5 days after seeding). Finally, the maintenance of these non-immortalized cells in culture is a few weeks at most.

b b. In vivo models

As primary human hepatocytes are not easily available, and present numerous disadvantages such as an infection susceptibility timely restricted, but also a rapid loss of the expression of hepatocyte-specific factors (essential to establish the infection and to study the interplay between the host cell and the virus), most knowledge in HBV replication come from the use of in vitro transfection systems, but also from in vivo models based on HBV-related hepadnaviruses.

If the discovery of NTCP receptor in 2012 has allowed the development of in vitro infection systems enabling more efficient infections, concentrated efforts have led to the development of numerous mouse models allowing the study of HBV replication, and infection for the latest models.

i. Models based on natural infection

Use of HBV-related viruses Surrogate models, based on host-adapted viruses belonging to the same family of viruses have been often used to get insights on HBV biology. Among these models, the Pekin Duck infected by DHBV and the Woodchuck infected by WHB have been the subject of extensive studies.

However, DHBV enters the hepatocyte through the carboxypeptidase D (DCPD) and is not associated with development of liver disease and hepatocellular carcinoma, making this model limited regarding studies in HBV entry and antiviral drug screening.

Models of HBV infection

The best available model to allow infection with the human virus is the chimpanzee model.

Indeed, it is the only immunocompetent animal to be fully susceptible to HBV infection.

Furthermore, these animals can develop both acute and chronic infection, and present similar immune profiles to the ones observed in HBV infected patients (Wieland, 2015).

This model has been essential in the development of an HBV vaccine (McAuliffe et al., 1980).

However, the use of those animals is highly limited due to both ethical and availability restrictions [START_REF] Dandri | Animal models of HBV infection[END_REF].

The Tupaia, a tree schrew, is the only non-primate animal that is susceptible to HBV infection.

In adult animals, it results in a short-term infection with a low replication (Walter et al., 1996), but it leads to chronicity and pathological changes such as fibrosis and HCC development in neonate animals (Yang et al., 2015). Easily available, the Tupaia model allowed the discovery of NTCP receptor [START_REF] Yan | Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus. eLife 1[END_REF]. The limitation of this model lies in a poor efficiency of infection.

ii.

Transgenic mice

To study HBV pathogenesis, a few mice models have been established. The transgenic mice models are able to express viral component and/or replicated HBV to a certain degree.

Nevertheless, a lot of bias might come from studying these models, which are allowing providing new insights into HBV pathogenesis [START_REF] Iannacone | Mouse Models of Hepatitis B Virus Pathogenesis[END_REF].

iii.

Infectable mice

Liver humanized mice have been established, as they present the advantage of using human hepatocytes, thus permissive to HBV infection. Those hepatocytes are in their 3D

environment, and natural infection can occur [START_REF] Kremsdorf | Modeling hepatitis virus infections and treatment strategies in humanized mice[END_REF]. A model of double humanized mice (liver and immune system) exists, but this model presents the problem of being highly difficult to handle and often dies before the end of experiments.

Finally, AAV-HBV infected mice are easier to handle. They allow the formation and detection of cccDNA (Lucifora et al., 2017). However, if all viral steps can be studied, the viral entry is still missing. Nonetheless, this mouse model presents a functional immune system iv.

Infectable macaques [START_REF] Dupinay | Discovery of naturally occurring transmissible chronic hepatitis B virus infection among Macaca fascicularis from Mauritius Island[END_REF] were the first to describe endogenous HBV circulating in a macaque population on the island of Mauritius. Unfortunately, due to differences in the NTCP receptor, contrary to human hepatocytes, macaque hepatocytes cannot be naturally infected by the hepatitis B virus. However, a recent study showed that after transduction of the human NTCP receptor, through an AAV-NTCP, in the macaque hepatocytes, HBV infection and replication was obtained [START_REF] Burwitz | Hepatocytic expression of human sodium-taurocholate cotransporting polypeptide enables hepatitis B virus infection of macaques[END_REF]. Though less easy to handle than mice, macaques present the advantage of bearing an immune response closer to the one observed in humans.

Altogether, the macaque model is a promising model for the in vivo study of HBV infection course [START_REF] Burwitz | Hepatocytic expression of human sodium-taurocholate cotransporting polypeptide enables hepatitis B virus infection of macaques[END_REF]. 16). These damages result in an alteration of the chemical structure of DNA, and can go from a break in a strand, to a base missing, or a chemically changed base.

Most of those damages tend to occur following a spontaneous reaction, or due to an endogenous agent (Ciccia and Elledge, 2000).

Endogenous and exogenous reactions can lead to DNA damage constantly through the cell cycle, thus leading to modifications of the genome in distinctive ways.

Endogenous DNA damage (mainly due to reactive oxygen species, ROS) lead to base oxidation, single strand breaks (SSBs) and double strand breaks (DSBs). It can also result in crosslinking between opposite DNA strands (interstand crosslinks, ICLs)

Exogenous DNA damage is in general more bulky than endogenous damage. Those are the main source of DSBs and can also lead to depurination, deamination and oxidation of the DNA [START_REF] Helleday | Mechanisms underlying mutational signatures in human cancers[END_REF].

DNA repair mechanisms

In response to those damages, a pathway can recognize the damaged DNA to initiate a complex cellular mechanisms responding to the DNA damage detected. This pathway is called the DNA damage response (DRR). To compensate for the many types of DNA damage that exist, cells have established different repair mechanisms where one mechanism will take in charge a different subset of lesions (Hoeijmakers, 2009).

Five distinctive mechanisms exist (Figure 17). Small and local lesions will be repaired by base excision repair (Lindahl and Barnes, 2000), nucleotide excision repair [START_REF] Ford | Regulation of DNA damage recognition and nucleotide excision repair: another role for p53[END_REF] or mismatch repair [START_REF] Jiricny | The multifaceted mismatch-repair system[END_REF]. These repairs consist in excising the damaged site from the DNA, and repairing the gap created, using the undamaged strand as template. The most prejudicial damages are strand breaks. The two major mechanisms involved in repairing of strand breaks are the homologous recombination [START_REF] Caldecott | Single-strand break repair and genetic disease[END_REF] and the non-homologous end-joining (West, 2003). Simple base modifications can be repaired through the BER, which, in contrast to NER can't significantly modify the overall structure of the DNA helix. BER has various substrates, as ROS induced DNA damage, methylation or deamination. BER is known to be a highly coordinated pathway of consecutive enzymatic reactions.

Damage

b. Mismatch Repair (MMR)

The MMR is essential for post-replication detection and repair of misincorporated bases that have escaped the proofreading activity of replication polymerases.

In addition, MMR also corrects insertion/deletion loops resulting from polymerase slippage during replication. The MMR pathway consists of three distinct processes: a first step of recognition, followed by the excision and degradation of the DNA strand containing the error, thus creating a gap, and finally, the gap is filled thanks to DNA resynthesis (Martin et al., 2010).

c c. Nucleotide Excision Repair (NER)

NER is a highly polyvalent repair mechanism able to recognize and remove a wide variety of DNA lesions. The « cut and patch » mechanism of the NER is similar to the BER pathway, but more complex, requiring as much as thirty different proteins to be carried out. These steps involve DNA damage recognition, local opening of the DNA helix around the lesion, excision of a short single-strand segment of DNA spanning the lesion, and sequential repair synthesis and strand ligation. During NER damaged DNA is recognized by binding proteins such as RPA, XPA and XPC-TFIIH, which assemble at the damaged site randomly [START_REF] Garinis | Nucleotide excision repair deficiencies and the somatotropic axis in aging[END_REF].

d. Double-Strand Break Repair

Double-strand breaks (DSBs) are amongst the most biologically hazardous types of DNA damage. For instance, a single unrepaired DBS is often sufficient to lead to cell death.

Furthermore, inaccurate repair can lead to deletions or chromosomal aberrations. DSBs are principally handled by two different repair pathways: NHEJ (non-homologous end-joining) [START_REF] Davis | DNA double strand break repair via non-homologous end-joining[END_REF] and HR (homologous recombination) [START_REF] Li | Homologous recombination in DNA repair and DNA damage tolerance[END_REF]. These two repair systems differ in their requirement for a homologous template DNA and in the fidelity of DSB repair. HR-directed repair is an error-free mechanism as it utilizes the genetic information contained in the undamaged sister chromatid as a template. In contrast, NHEJ is normally error-prone and involves elimination of DSBs by direct ligation of the broken ends [START_REF] Bétermier | Is Non-Homologous End-Joining Really an Inherently Error-Prone Process?[END_REF].

i. Homologous Recombination (HR)

Homologous recombination is a high fidelity repair mechanism requiring a homologous repair template, usually in the form of a sister chromatid that can be divided in three steps:

A presynapsis step, where the DNA ends neighboring the DSB are resected (from 5' to 3') to generate molecules with 3' single stranded tails (Figure 18). The MRN complex and CtIP are important to perform the initiation of the resection. Following the resection, RPA binds the single-stranded DNA, to remove disruptive secondary structures. RPA is then substituted by Rad51 collectively with other mediator factors, Rad52, BRCA2 and a group of Rad51 paralogs [START_REF] Krejci | Interaction with Rad51 is indispensable for recombination mediator function of Rad52[END_REF]. The Rad51 nucleoprotein filament can then undergo DNA sequence homology: the central step of HR [START_REF] Krejci | Homologous recombination and its regulation[END_REF]. In the pre-synaptic phase, RPA is loaded onto single-strand DNA that is generated after the damage.

RPA is then replaced by Rad51, leading to the formation of Rad51 nucleoprotein filament, a structure able to perform homology search (Adapted from [START_REF] Sebesta | Mechanism of Homologous Recombination[END_REF].

The second step, called the synapsis, consists of the identification of the DNA sequence homology followed by DNA strand invasion resulting in the formation of a D-loop transient structure (Figure 19). Next, DNA polymerase η carries DNA synthesis from 3' end at invading strand and DNA ligase-1 successively ligate them yielding a four way junction intermediate strand called Holliday Junction [START_REF] San Filippo | Mechanism of Eukaryotic Homologous Recombination[END_REF]. Once the Rad51 nucleoprotein filament is formed, DNA sequence homology search can be performed.

(Adapted from [START_REF] Sebesta | Mechanism of Homologous Recombination[END_REF] Finally, the last step, called the postsynapsis, relies on the resolution of this Holiday Junction, by three different mechanisms: by 'dissolution', mediated by the BLM-TopIIIα complex [START_REF] Bocquet | Structural and mechanistic insight into Holliday-junction dissolution by topoisomerase IIIα and RMI1[END_REF], by symmetrical cleavage through GEN1/Yen1 or Slx1/Slx4 [START_REF] Svendsen | GEN1/Yen1 and the SLX4 complex: solutions to the problem of Holliday junction resolution[END_REF], or by asymmetric cleavage (endonuclease Mus81/Eme1), resulting in the error-free correction of the DSB [START_REF] Pepe | Substrate specificity of the MUS81-EME2 structure selective endonuclease[END_REF].

ii. Non-homologous End-Joining (NHEJ)

Only a few factors are essential for the setup of NHEJ at DSB sites. The key damage sensors in NHEJ are Ku70/Ku80 (c-NHEJ) and PARP1 (alt-EJ) [START_REF] Mari | Dynamic assembly of end-joining complexes requires interaction between Ku70/80 and XRCC4[END_REF], which recruit DNAactivated protein kinase (DNA-PK) or the trimeric MRN complex [START_REF] Uematsu | Autophosphorylation of DNA-PKCS regulates its dynamics at DNA double-strand breaks[END_REF]. This [START_REF] Mcelhinny | A gradient of template dependence defines distinct biological roles for family X polymerases in nonhomologous end joining[END_REF][START_REF] Ramadan | De novo DNA synthesis by human DNA polymerase lambda, DNA polymerase mu and terminal deoxyribonucleotidyl transferase[END_REF].

DDR and viruses infection

In addition to their role in cellular DNA damage, DDR pathways have been shown to be hijacked by viruses when replicate and assemble in the nucleus, resulting in a complex interplay between DDR pathways and viral replication. These cellular DDR pathways can both promote or inhibit viral replication and assembly. Finally, some viruses inhibit the DNA damage response during infection, which could promote tumorigenesis (due to increased mutation or decreased repair of cellular DNA), thus leading to genomic instability but also resistance to apoptosis.

Two ways of inducing a DNA damage response exist: through a viral RNA/DNA recognition, or via viral proteins. Indeed, DNA viruses contain genomes that can immediately induce DDR, either with the incoming viral DNA, or through replicative intermediates (Figure 20). The different genomic structures that can induce the DDR include linear dsDNA molecules (such as adenoviruses, herpesviruses), ssDNA molecules (parvoviruses), circular dsDNA molecules (polyomaviruses, papillomaviruses), and RNA genomes that are reverse transcribed to linear dsDNA (retroviruses).

For example, herpes simplex virus (HSV) can activate the DDR only few hours after infection, as characterized by the accumulation of MDC1 and γ-H2AX along with the viral protein ICP4 and viral DNA (Lilley et al., 2011). Most DNA viruses are able to recruit DDR factors to their replication centers, like adenoviruses [START_REF] Stracker | Adenovirus oncoproteins inactivate the Mre11-Rad50-NBS1 DNA repair complex[END_REF], parvoviruses [START_REF] Cervelli | Processing of recombinant AAV genomes occurs in specific nuclear structures that overlap with foci of DNA-damage-response proteins[END_REF], herpesviruses (HSV) [START_REF] Taylor | Proteomics of herpes simplex virus replication compartments: association of cellular DNA replication, repair, recombination, and chromatin remodeling proteins with ICP8[END_REF], cytomegalovirus (CMV, EBV) [START_REF] Xiaofei | The DNA damage response induced by infection with human cytomegalovirus and other viruses[END_REF], papillomavirus [START_REF] Hong | DNA damage response is hijacked by human papillomaviruses to complete their life cycle[END_REF], and polyomaviruses [START_REF] Zhao | Ataxia telangiectasia-mutated damage-signaling kinase-and proteasomedependent destruction of Mre11-Rad50-Nbs1 subunits in Simian virus 40-infected primate cells[END_REF]. However, viral nucleic acids are not the only cause triggering DDR response.

For instance, some viral proteins are able to provoke this response, particularly viral transforming oncoproteins.

Finally, if many viruses are able to activate the DDR, it is still not clear weather this is favourable or not for the infection. For instance, the DNA damage response can act either as an antiviral mechanism, or benefits the infection/replication. a a. T The DNA damage response as an antiviral mechanism DDR pathways may act as a host cell defense that distinguishes between viral genomes and cellular DNA. For example, during adenovirus infection, the cellular MRN complex acts as a potent inhibitor of viral DNA replication that likely recognizes broken ends of the viral genome and suppresses DNA replication. Specific adenovirus gene products, E4ORF3 and E1B55k, counteract this inhibition by degrading the MRN complex [START_REF] Carson | The Mre11 complex is required for ATM activation and the G2/M checkpoint[END_REF][START_REF] Evans | Relocalization of the Mre11-Rad50-Nbs1 complex by the adenovirus E4 ORF3 protein is required for viral replication[END_REF][START_REF] Stracker | Adenovirus oncoproteins inactivate the Mre11-Rad50-NBS1 DNA repair complex[END_REF]. Similarly, SV40 large T antigen binds to NBS1, and facilitates its proteasome dependent degradation [START_REF] Wu | SV40 T antigen interacts with Nbs1 to disrupt DNA replication control[END_REF][START_REF] Zhao | Ataxia telangiectasia-mutated damage-signaling kinase-and proteasomedependent destruction of Mre11-Rad50-Nbs1 subunits in Simian virus 40-infected primate cells[END_REF]. The different interactions between DNA viruses and DDR proteins are related both to the structure 

A role for the host DDR in Hepatitis B virus?

a. Integration of viral DNA

The integration of the viral genome into the host genome is an early phenomenon during infection and is found in 85 to 90% of HBV-associated HCCs. Unlike in the woodchuck model in which the viral genome is integrated into a preferential site at the level of c-Myc or N-Myc, it is unclear whether the integration of HBV into the human genome is random or not. A good example of HBV interacting with host DDR during HBV integration has been reported by the group of [START_REF] Dandri | Increase in de novo HBV DNA integrations in response to oxidative DNA damage or inhibition of poly(ADP-ribosyl)ation[END_REF], showing that DNA damage response could be promoting HBV de novo integration into cellular chromosomal DNA. Indeed, they were able to demonstrate an increase of the integration rate of HBV DNA, in response to oxidative DNA damage and to the inhibition of the PARP pathway, PARP being important during ssDNA repair.

This integration of all, or part of the genome, does not contribute to the replication of HBV but is the cause of a strong genomic instability which results in the modulation of the expression of many genes involved in hepatocarcinogenesis. For example, the integration events in cell genes that can bring a growth advantage to a specific clone and thus generate an accumulation of mutations.

The most common deregulated genes by integration are: the hTERT gene (telomerase reverse transcriptase) encoding the catalytic subunit of telomerase [START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF][START_REF] Cao | Increased copy number of the TERT and TERC telomerase subunit genes in cancer cells[END_REF], PDGFβ and PDGFRβ (platelet-derived-growth-factor (receptor) -β), MAPK1 (mitogen activated protein kinase 1), MLL4 (mixed-lineage leukaemia protein 4) [START_REF] Donato | A meta-analysis of epidemiological studies on the combined effect of hepatitis B and C virus infections in causing hepatocellular carcinoma[END_REF], CCNE1 (cyclin 1) [START_REF] Su | Expression of hepatitis B virus X protein in HBV-infected human livers and hepatocellular carcinomas[END_REF], SENP5 (Sentrin-specific protease 5) [START_REF] Lau | Viral-human chimeric transcript predisposes risk to liver cancer development and progression[END_REF] or ROCK1 (Rho-associated coiled-coil containing protein kinase 1) [START_REF] Lau | Viral-human chimeric transcript predisposes risk to liver cancer development and progression[END_REF].

In about 40% of the cases, the HBV insert is located between the viral enhancer and the ORFs of the X or C genes. Thus, this integration can lead to the expression of viral proteins in hepatocytes such as the preS/S protein, truncated or not, and very often to mutated or truncated forms of HBx that will destabilize many cellular pathways (Levrero and Zucman-Rossi, 2016).

b b. Viral dsL-DNA circularization

As it will be mentioned later in the cccDNA formation paragraph, cccDNA can be derived from the conversion of double-stranded linear DNA via non-homologous recombination (NHEJ).

Indeed, ku80, a sensory component of the NHEJ repair pathway has been showed to be necessary for cccDNA establishment from double-stranded linear DNA [START_REF] Guo | Characterization of the host factors required for hepadnavirus covalently closed circular (ccc) DNA formation[END_REF].

Nevertheless, this cccDNA contains mutations in the plus strand « gap » due to the repair, as the NHEJ pathway is error-prone and induces small insertions and deletions [START_REF] Lieber | The mechanism of double-strand DNA break repair by the nonhomologous DNA end-joining pathway[END_REF].

Thus, circularization of dsL-DNA is not an effective alternative to the normal rcDNA to cccDNA pathway.

The presence of this viral dsL-DNA may then appear like a strong evidence of the interaction of HBV with cellular DNA repair.

c. HBx and DDR

HBx is known for its potential transactivating activity of many cellular and viral genes. Apart from its action on the regulation of viral replication, the activation of cellular genes affects many processes that can promote hepatocarcinogenesis. HBx would act as a weak transactivator but it would also be able to activate different promoters dependent on polymerases I, II or III responsible for a large number of deregulation.

Among the different proteins found interacting with HBx, DNA repair proteins were found. For instance, HBx has been shown to interact with p53, the « guardian of the genome », but also with DDB1, the UV-damaged DNA binding protein 1 [START_REF] Hodgson | Hepatitis B virus regulatory HBx protein binding to DDB1 is required but is not sufficient for maximal HBV replication[END_REF].

Via its interaction with p53 in the cytoplasm, HBx could sequester it and thus inhibit its activity.

In this way HBx inactivates many p53-dependent activities, for example HBx could thus regulate the expression of tumor suppressors such as PTEN through inhibition of p53.

d d. rcDNA to cccDNA conversion

The most immediate and important benefit of the host DNA repair system for HBV would be to contribute to the conversion of rcDNA into the minichromosome cccDNA thanks to enzymatic factors. For instance, rcDNA presents many unusual features that normal cellular DNA doesn't. Recent studies have enlighten the involvement of repair proteins in the conversion of rcDNA. Indeed, as mentioned later in cccDNA formation paragraph, tyrosyl-DNA-phosphodiesterase (TDP2), but also polymerase κ (POLκ) together with POLH and POLλ and finally the pre-mRNA processing factor 31 (PRFPF31) [START_REF] Kinoshita | Host factor PRPF31 is involved in cccDNA production in HBV-replicating cells[END_REF] have been proven to interact with rcDNA in order to mediate its conversion to cccDNA. Finally, really recently, the flap structure-specific endonuclease 1, also called FEN1, an endonuclease known to remove overhanging "flaps" during DNA repair, has been showed to be involved into cccDNA conversion from rcDNA (Kitamura et al., 2018). Indeed, its presence was required for the in vitro cccDNA formation, where FEN1 and a ligase and DNA polymerase activity have been proven sufficient to convert rcDNA into cccDNA.

I IV. Chromatin

Chromatin template

In the cells, DNA is not naked but packaged into chromatin, a complex of DNA and DNA bound proteins. Chromatin is organized in multiple levels, starting with the DNA double helix wrapped around the nucleosome, formed by the core histones.

a. The nucleosome

By electron microscopy, nucleosomes appear as « beads on a string » connected by thin bridges (that are the linker DNA) [START_REF] Olins | Spheroid chromatin units (v bodies)[END_REF]. This structure is also referred as the first order structure, or the 11 nm fiber. The linker histone H1 (not comprised in the nucleosome) stabilizes the nucleosome. DNA is wrapped around the nucleosome, an octamer of histones, through 14 contact points [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. All steps required for nucleosome formation are mediated by histone chaperones, specific for each histone type.

In the cell, various processes have to be executed before the formation of nucleosomes. In particular, the histones must be synthesized and folded in the cytoplasm, before being imported into the nucleus and recruited to sites of deposition at the DNA. The nucleosome formation includes (Figure 20):

In the cytoplasm, the neo-synthesized H2A, H2B as well as H3 and H4 histones form heterodimers with help of traditional protein-folding chaperones such as Hsp70 and Hsp90.

Dimers of H2A-H2B and tetramers of H3-H4 are imported into the nucleus.

Dimers and tetramers are recruited via histone chaperones to specific sites where nucleosomes are desired to form.

The nucleosomes then assemble in a sequential manner, through the deposition of H3-H4 (either in tetramer or heterodimer) onto DNA, followed by the cooperative addition of two H2A-H2B dimers. If the nucleosome assembly occurs after the replication fork, old histones can be redistributed on the newly synthesized DNA.

For instance, H3 and H4 histones from dissembled old nucleosomes are kept, but H2A and H2B proteins are release and therefore, only new H2A and H2B proteins can be incorporated into new nucleosomes. The nucleosome assembly is a process where histones H3 and H4 form heterodimer which dimerizes to form tetramer. H2A and H2B form independant dimers and bind to the H3/H4 tetramer. Each step is performed via the help of histone chaperones. Histone H2A is in yellow, H2B in red, H3 in blue and H4 in green. Taken from [START_REF] Das | The histone shuffle: histone chaperones in an energetic dance[END_REF]. Each nucleosome is composed of 8 histones, 2 copies of H2A, H2B H3 and H4 plus approximatively 147 base pairs of DNA [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF] wrapped 1.65 times around this histone octamer. More precisely, the copies of H2A and H2B are assembled in dimers, while the copies of H3 and H4 are found in the shape of tetramer (Figure 21).

The core histones are highly similar in their structure and strongly conserved through evolution. They all present a « helix, turn, helix, turn, helix » motif. They also all feature long tails on one end of their amino acid structure. These tails play an important role in gene transcription and expression as it is mainly the place where posttranslational modification (PTMs) occur, thus changing the structure and function of the histones.

Modification of chromatin structure

One consequence of the DNA wrapping around the nucleosome, is that it sterically prevents the recruitment of others DNA-binding proteins. In that way, the chromatin structure forms a repressive environment that inhibits the activities of enzymes that require direct access to the DNA template, such as in transcription, DNA repair, replication, and recombination. Chromatin condensation can be modulated through a variety of mechanisms, including covalent modifications of DNA and histones. DNA can undergo methylation of its cytosine bases within CpG repeats, while histones are subjected to different modifications in their N-terminal tails, and less commonly, within their C-terminal tails and globular domains.

Due to its condensation ability, chromatin can be found in two particular forms:

Euchromatin is a less condensed chromatin, in which genes are more accessible, and more highly expressed. It consists of "active DNA" and constitutes approximatively 88% of total nuclear DNA [START_REF] Yunis | Heterochromatin, satellite DNA, and cell function. Structural DNA of eucaryotes may support and protect genes and aid in speciation[END_REF].

Heterochromatin corresponds to a denser chromatin with a less easily accessible DNA.

It is localized in centromeres and telomeres and generally consists of repeat sequences.

Chromatin remodeling thus consists in the dynamic modulation of the chromatin architecture.

It allows the access of condensed genomic DNA to the regulatory transcription machinery proteins, or on the contrary, it leads to the condensation of genomic DNA to prevent transcription. In that way, chromatin remodeling controls gene expression.

Two ways of acting on nucleosome stability and dynamism have been described. One mechanism affects directly the histones, changing its interaction with DNA, and is found in the form of post-translational modifications. The other mechanism directly modifies the nature of histones, where the canonical histones can be replaced by histone variants.

Dynamic DNA unwrapping PTM perturbs histone-DNA interactions

Transcription factor binding a a. Histone Post-translational Modifications

Histones can undergo PTMs that modify their interaction with DNA but also with nuclear proteins. The histones (mainly H3 and H4) present long tails that are protruding from the nucleosome. These tails are poorly structured and are thought to confer flexible contacts with DNA, allowing for dynamic changes in the accessibility of the underlying genome (Figure 22).

Furthermore, histone tails can be modified at several residues, allowing the compaction or decompaction of the chromatin, thus leading to a weaker/stronger transcription. DNA unwrapping by PTM transiently exposes protein-binding sites that are buried within the fully wrapped nucleosome.

If some PTMs seem to have a precise role in activation or repression of the transcription, the truth is likely to be that any given modification has the potential to activate or repress, depending on the conditions. For example, one modification such as H3K36 methylation, can have a positive effect when found on a coding region [START_REF] Vakoc | Profile of Histone Lysine Methylation across Transcribed Mammalian Chromatin[END_REF], but will have a negative effect when found in the promoter region [START_REF] Strahl | Set2 is a nucleosomal histone H3-selective methyltransferase that mediates transcriptional repression[END_REF].

The main different existing modifications are:

i. Methylation/Demethylation

Lysine methylation is the addition of one, two or three methyl groups to the NH3+ group of the lysine amino acid residue. It has a small effect on the proper histone chemistry.

Methylation generates docking sites for chromatin remodelers [START_REF] Strahl | The language of covalent histone modifications[END_REF] and can be recognized by proteins containing a Tudor, chromo or PHD domain [START_REF] Bannister | Selective recognition of methylated lysine 9 on histone H3 by the HP1 chromo domain[END_REF].

Lysine methylation is highly specific, as the modification of one single lysine on a single histone can lead to the modification of the transcriptional activity.

Arginine methylation is the addition of one or two methyl groups to arginine. Samely as for lysine, specific domains can recognize this modification.

Arginine and lysine methylation are mainly known to be repressive for transcription, such as H3K27 methylation which has been implicated in the silencing of HOX gene expression.

Nonetheless, methylations can also lead to activation of the transcription. For example, H3K36me3 has been found to accumulate at the 3' end of some active genes, and can be associated with the RNA pol II [START_REF] Ernst | Discovery and characterization of chromatin states for systematic annotation of the human genome[END_REF].

Finally, one same methylation, for instance H3K9me3 has been showed to be either implicated in transcriptional repression or activation. The explanation for this difference is probably due to the region (coding region -activatory versus promoter -repressive) where the modification is found [START_REF] Wiencke | Differentially expressed genes are marked by histone 3 lysine 9 trimethylation in human cancer cells[END_REF].

Both lysine and arginine methylations are reversible and need the interaction of proteins interacting specifically with arginine or lysine-methylated histones.

ii. Acetylation/Deacetylation

Acetylation is the addition of an acetyl group onto a lysine residue. It has a strong effect on the chemistry of the histone, as it will neutralize the positive charge. This will decrease the attraction between the histone and the DNA (which is negatively charged), thus leading to a decondensation of the chromatin. Highly acetylated histones form an accessible chromatin, and tend to be associated with active transcription.

Acetylation of a lysine is almost invariably associated with an active transcription. The reversal of acetylation, deacetylation, leads to transcriptional repression.

iii. Phosphorylation/Dephosphorylation

Phosphorylation mainly occurs on Serine/threonine/tyrosine, and the addition of a phosphate group (negatively charged). It is very important in response to DNA damage, and leads to a strong modification of the protein structure. Indeed, some of the most famous histone phosphorylation occur on the γH2AX histone variant, on the serine 139 or tyrosine 142, and are part of the first events to follow DNA damage. These phosphorylations are involved in diverse DDR pathways such as NHEJ and HR (Rosetto et al., 2012).

Some phosphorylated histone residues are also involved in transcription regulation. Most of the time, phosphorylation is associated with the promotion of acetylation as well as demethylation of surrounding residues, thus leading to an activation of transcription (Figure 23). Histone residue modifications can be repercuted onto its surrounding residues. For example, phosphorylation of H3S28 has been shown to induce demethylation and acetylation of the adjacent K27 residue, thus activating gene expression.

Other PTMs can be found, such as ubiquitylation, sumoylation, ADP ribosylation, deamination or proline isomerization.

b b. Histone modifying enzymes

Several enzymes can modulate histones at numerous sites (Figure 24). For a given PTM, for example H3K4me3, an enzyme interacts with the concerned amino acid residue, here the lysine 4 of the histone 3, that they modify.

Several classes of enzymes have been described to modify histones at multiple sites (Figure 25):

i. Histone acetylation

Enzymes in charge of histone acetylation/deacetylation are enzymes able to transfer an acetyl groupe from acetyl-CoA to form N-acetyl lysine, or inversely able to remove the acetyl group from histone proteins. Histone acetyltransferases (HATs) allow transcription by serving as binding site for chromatin remolding complexes or by neutralizing the positive histone charge, making the DNA more accessible. This family comprises some well-known HATs such as p300, CBP (CREB binding protein), ATF-2 or Tip60 [START_REF] Liu | Chapter Six -Histone Acetylation and Plant Development[END_REF].

In the opposite of HATs are found HDACs, or histone deacetylases. By removing the acetyl group, they make DNA less accessible to transcription factors, and thus inhibit the transcription.

ii.

Histone methylation

Enzymes in charge of histone metylation/demethylation are called histone methylatransferases (HMTs) or histone demethylases (HDMs).

Histone methylatransferases transfer one or more methyl group from SAM (S-Adenosyl methionine) onto lysine or arginine residues of H3 and 4 histones. Arginine is usually monoor dimethylated while lysine can be mono-, di-, or trimethylated.

For many year, histone methylation was believed to be permanent. But, in 2004, Shi et al., have proven the evidence that LSD1 (KDM1A) was functioning as a histone demethylases.

HDMs operate a hydroxylation of the histone methyl group.

iii. Histone phosphorylation

Histone phosphorylation occurs on conserved serine, threonine and tyrosine residues which are present on the N-terminal tails of each histone. For instance, those residues are known to be phospho-acceptor sites for some kinases. Protein kinases such as the MSK family, or Aurora B are known to phosphorylate the H3S10 and H3S28 during UVB response or mitosis [START_REF] Li | A novel histone deacetylase pathway regulates mitosis by modulating Aurora B kinase activity[END_REF]. It is to be noted that the same phosphorylated residue can have significantly distinct effects on chromatin structure depending on the context in which it occurs. Protein phosphatases such as PP1 and PP2A take in charge the dephosphorylation processes [START_REF] Pereira | Mitotic exit: Determining the PP2A dephosphorylation program[END_REF]. c c. ATP-dependent chromatin remodeling ATP-dependent chromatin remodelers regulate gene expression by either moving, ejecting or restructuring nucleosomes. Those proteins present a common ATPase domain and use ATP from ATP hydrolysis to reposition nucleosomes [START_REF] Narlikar | Cooperation between complexes that regulate chromatin structure and transcription[END_REF]. There are four classes of ATP-dependent remodelers, that can be distinguished by their unique flanking domains:

the SWI/SNF (Switch/Sucrose nonfermentable) [START_REF] Pazin | SWI2/SNF2 and related proteins: ATP-driven motors that disrupt protein-DNA interactions?[END_REF], the CHD (chromodomain and helicase-like domain) [START_REF] Marfella | The Chd Family of Chromatin Remodelers[END_REF], the ISWI (imitation SWI) [START_REF] Aydin | ISWI chromatin remodeling complexes in the DNA damage response[END_REF], and the INO80 family [START_REF] Watanabe | The INO80 family of chromatin-remodeling enzymes: regulators of histone variant dynamics[END_REF].

The SWI/SNF family has many activities, and it slides and ejects nucleosomes at many loci for different physiological processes but lacks role in chromatin assembly. Together with the INO80 family, they participate in DSB and NER repair. Finally, some CHD remodelers (as NuRD/Mi-2 complex) can slide or eject nucleosomes to promote transcription. Unlike core histones which deposition is replication-dependent, most histone variants are deposited in a DNA-replication independent manner.

Histone variants are replacing canonical core histones to perform diverse roles in replication, transcription and heterochromatin formation. As for core histones, the variants are mediated through the activity of histone chaperones, but also chromatin remodelers and histone modifying enzymes. While some chaperones are specific for core histones, some other chaperones have evolved to be able to recognize only histone variants.

The positions of the core histones within the nucleosome has led to a differential evolution for all the histones. For example, histone H2B and particularly H4, one of the slowest evolving protein, present only few (H2B), to no variants (H4). In comparison, H3 and H2A have endured many evolutions (Thomas et al., 1994). Histone variants differ from canonical histones by either a few amino acids or by a larger domain which confer them distinct mechanisms of deposition into chromatin (Figure 26).

Histone variants are also called replacement histones, as they often replace canonical histones under specific conditions such as transcription or repair of damaged chromatin. It thus make histone variants essential for maintenance of chromatin integrity.

i. H2A variants

Histone H2A has the highest number of known variants. Among them, H2A.Z has a conserved role in transcription initiation. H2A.Z is found close to promoters and in some enhancers and is known to be recruiting RNA polymerase II. Furthermore, H2A.Z is necessary for the maintenance of heterochromatin in animals, possibly because chaperones for canonical H2A

are not active in heterochromatin outside of S phase.

H2A.B and macroH2A can occupy specific promoters. H2A.B, which wraps only approximatively 120 bp of DNA, appears to facilitate transcription. macroH2a on the other hand seems to reinforce either active or repressed expression status. Replication independent H3 histones: H3t, H3.3, CENP-A, H3.X, H3.Y and H3.5. (Hamiche and Shuaib, 2012).

The most common histone H3 variants are H3.3 and the centromeric H3 variant, also called cenH3 or CENP-A in humans. CENP-A is found incorporated into nucleosomal particles in place of H3, specifically in centromeres [START_REF] Palmer | Purification of the centromere-specific protein CENP-A and demonstration that it is a distinctive histone[END_REF]. H3.3 is a replication independent histone [START_REF] Ahmad | The histone variant H3.3 marks active chromatin by replicationindependent nucleosome assembly[END_REF][START_REF] Tagami | Histone H3.1 and H3.3 complexes mediate nucleosome assembly pathways dependent or independent of DNA synthesis[END_REF]), with a sequence very similar to the canonical H3, comprised of only 4 amino acid differences. On those 4 differences, 3 of them make of H3.3 an histone deposited exclusively by replication independent nucleosome assembly.

Replacement of canonical H3.1 by its variant H3.3 oftenly occurs at active genes. Moreover, H3.3 levels are found increased at promoters of actively transcribed genes, enhancers and at transcription termination sites, and is associated with H3 acetylation and H3K4 methylation, marks of active genes [START_REF] Chow | Variant histone H3.3 marks promoters of transcriptionally active genes during mammalian cell division[END_REF], H.3.3 is also found in telomeric regions. The incorporation of H3.3 in genes bodies relies on the histone chaperone HIRA, while the incorporation at telomeres is dependent of the complex ATRX-DAXX.

This replacement only has few apparent consequences, indicating that H3.3 primary role would be in repairing gaps in the chromatin landscape that result from nucleosome disruption [START_REF] Schneiderman | Nucleosome-depleted chromatin gaps recruit assembly factors for the H3.3 histone variant[END_REF]. Furthermore, if CAF-1, the histone chaperone of H3.1 is depleted, the result will be a deposition of H3.3 at sites of DNA replication.

Finally, incorporation of exogenous H3.3 has been shown to increase gene expression, suggesting that H3.3 could facilitate gene expression.

Studies showed that H3.3 was playing a role in a nucleosome « gap-filing » process (Ray-Gallet et al., 2011;[START_REF] Schneiderman | Nucleosome-depleted chromatin gaps recruit assembly factors for the H3.3 histone variant[END_REF]. Notably, H3.3 deposition at sites of DNA damages induced by UV radiations, is mandatory for transcription restart after DDR (Adam et al., 2013).

These studies highly suggest that the deposition of H3.3 is observed at regions missing H3.1-H4 nucleosomes. This may be necessary to avoid leaving nucleosome-free regions which would compromise genome integrity. The name « histone chaperone » comes from the fact that it prevents nonspecific interactions between DNA and histones, and promotes specific interactions leading to nucleosome assembly [START_REF] Laskey | Nucleosome assembly[END_REF].

Nucleosome assembly pathway

Histone chaperones are involved in many phenomena. For instance, they escort histones through their complete cellular life. They take in charge histones after their synthesis, to mediate their nuclear import, through their storage, assembly, but also their degradation.

Finally, histone chaperones are the ones regulation the dynamics of histones to chromatin. All these processes collaborate in several DNA metabolic processes that finely regulate cellular functions, sequentially affecting the entire organism. Histones and their variants are incorporated in chromatin at distinct sites by different histone chaperones [START_REF] Wong | Histone H3.3 incorporation provides a unique and functionally essential telomeric chromatin in embryonic stem cells[END_REF]Drane et al., 2010;[START_REF] Goldberg | Distinct factors control histone variant H3.3 localization at specific genomic regions[END_REF][START_REF] Hamiche | Chaperoning the histone H3 family[END_REF]) (Figure 27).

Histone chaperones include Nucleosome Assembly Protein 1 (NAP1) (Ishimi et al., 1984;[START_REF] Ito | Drosophila NAP-1 is a core histone chaperone that functions in ATP-facilitated assembly of regularly spaced nucleosomal arrays[END_REF], Chromatin Assembly Factor 1 (CAF1), N1/N2 [START_REF] Bonner | Protein migration into nuclei. II. Frog oocyte nuclei accumulate a class of microinjected oocyte nuclear proteins and exclude a class of microinjected oocyte cytoplasmic proteins[END_REF][START_REF] Kleinschmidt | Molecular characterization of a karyophilic, histone-binding protein: cDNA cloning, amino acid sequence and expression of nuclear protein N1/N2 of Xenopus laevis[END_REF], Nucleoplasmin [START_REF] Arnan | Interaction of nucleoplasmin with core histones[END_REF], Histone regulator A (HIRA) [START_REF] Ray-Gallet | HIRA is critical for a nucleosome assembly pathway independent of DNA synthesis[END_REF], Death domain-associated protein 6 (DAXX) [START_REF] Drané | The death-associated protein DAXX is a novel histone chaperone involved in the replication-independent deposition of H3.3[END_REF] and Anti-silencing function protein 1 (ASF1) [START_REF] Tyler | The RCAF complex mediates chromatin assembly during DNA replication and repair[END_REF] (Figure 29).

Histone chaperones can be divided in two classes: the ones involved in de novo deposition of histone during DNA synthesis, the ones involved in de novo deposition of histone in a DNA replication independent manner. 

DNA replication dependent

The close relation of DNA with histones in the nucleosome makes it difficult to access the DNA.

During DNA replication, but also transcription and repair, the nucleosome needs to be disassembled into two H2A-H2B dimers, and a H3-H4 tetramer. Then, the parental histones can be replaced behind the replication fork, for example, and the full nucleosome is established by the deposition of newly synthesized histones [START_REF] Falbo | Chromatin remodeling in DNA replication[END_REF][START_REF] Groth | Regulation of replication fork progression through histone supply and demand[END_REF][START_REF] Tagami | Histone H3.1 and H3.3 complexes mediate nucleosome assembly pathways dependent or independent of DNA synthesis[END_REF].

Histone chaperone FACT (facilitates chromatin transactions), an H2A-H2B chaperone, is associated with the minichromosome maintenance (MCM) helicase, that is known to unwind DNA in front of the replication fork [START_REF] Tan | Functional cooperation between FACT and MCM helicase facilitates initiation of chromatin DNA replication[END_REF] (Figure 29). Asf1, which also associates with the MCM helicase, is suggested to play a role in disrupting the parental nucleosomes, and to potentially transfer the « old » histones onto the nascent DNA behind the fork [START_REF] Groth | Chromatin Challenges during DNA Replication and Repair[END_REF]. Asf1 acts in both chromatin assembly and disassembly. CAF-1, a H3/H4 histone chaperone, then cooperates with Asf1, which acts as a histone donor for CAF-1 in nucleosome assembly, after being recruited to the replication fork through its interaction with cell proliferating nuclear antigen (PCNA). PCNA was beforehand recruited to DNA by replication factor C (RFC). Thus, Asf1 and CAF-1 could both be associated with the replication fork progression and cooperate to deposit H3/H4 onto DNA.

This mechanism provides the fact that histones are promptly assembled onto newly replicated DNA, to reduce the potential for DNA damage, but also to allow the inheritance of the epigenetic information during DNA replication and repair [START_REF] Groth | Chromatin Challenges during DNA Replication and Repair[END_REF][START_REF] Henikoff | Histone variants, nucleosome assembly and epigenetic inheritance[END_REF]. In humans, CAF-1 and Asf1 are essential for cell viability. Histones need to be removed from chromatin ahead of the replication fork. Together with FACT and ASF1, CAF1 relocates old and newly synthesized histones onto the daughter DNA strands.

ii.

DNA replication independent

Outside the S phase, histones can also be deposited onto DNA. Two major distinct histone chaperone complexes regulate the deposition of H3/H4 into different chromatin sites: histone regulator A (HIRA), in a complex with UBN1, CABIN1 and Asf1, and the death domainassociated protein (DAXX), in a complex with ATRX (α-thalassemia/mental retardation Xlinked syndrome protein). If at first, HIRA was found to play a role in chromatin assembly in a replication dependent manner, it has been later identified in complex with the H3.3 histone variant, and shown to be necessary for its deposition [START_REF] Loppin | The histone H3.3 chaperone HIRA is essential for chromatin assembly in the male pronucleus[END_REF][START_REF] Van Der Heijden | Asymmetry in histone H3 variants and lysine methylation between paternal and maternal chromatin of the early mouse zygote[END_REF]. Furthermore, HIRA is able to deposit H3.3 at replication sites after inhibition of H3.1 loading mediated by CAF-1, and to incorporate H3.3 in nucleosome-free regions (Ray-Gallet et al., 2011).

Before deposition, the H3.3/H4 dimer is presented to HIRA by Asf1 [START_REF] Tang | Tip60-dependent acetylation of p53 modulates the decision between cell-cycle arrest and apoptosis[END_REF]. As CAF-1 and HIRA are both able to bind Asf1 through the same region, HIRA needs to compete with CAF-1 to bind Asf1. This competition is regulated by phosphorylation of histone H4, on S47, which promotes assembly of H3.3/H4 nucleosomes. In the same way, it inhibits the assembly of H3.1/H4 dimers [START_REF] Kang | Phosphorylation of H4 Ser 47 promotes HIRA-mediated nucleosome assembly[END_REF]. The UBN1 protein, known to bind HIRA, has been identified as the one giving to HIRA its specificity for H3.3 variant, through the residue G90 of H3.3. HIRA can interact with initiating and elongating forms of RNA polymerase II (Pol II) (Ray-Gallet et al., 2011), and this is thought to promote incorporation of H3.3 at active genes.

The H3.3 chaperone DAXX directly binds H3.3 through its unique AAIG motif [START_REF] Lewis | Daxx is an H3.3-specific histone chaperone and cooperates with ATRX in replication-independent chromatin assembly at telomeres[END_REF]. The primary determinant for DAXX binding is the G90 residue of H3. 

c c. Roles in transcription

In the same way as replication, transcription is also disruptive to nucleosomes, and leads to a reshaping of the chromatin landscape. These modifications are orchestrated by chromatin remodelers together with FACT and the histones chaperones specific for H3.3 and H2A.Z variants.

In vertebrate cells, H3.3 is found incorporated at promoters, enhancers, in gene bodies but also at transcription termination sites and telomeres. Promoters and enhancers show the highest H3.3 turnover while it is lower in gene bodies, and really slow at telomeres and pericentric regions [START_REF] Huang | H3.3 turnover: a mechanism to poise chromatin for transcription, or a response to open chromatin?[END_REF]. The high turnover observed at enhancers was also correlated with a more accessible chromatin to MNase, indicating that DNA was also more accessible to transcription factors. This phenotype suggest that H3. Recently, the HIRA-A domain has also been shown to interact with RPA. RPA, is an ssDNA binding protein, best known for its role in DNA replication and repair. Following the depletion of RPA, association of HIRA to chromatin is decreased, and the deposition of H3.3 at regulatory elements is altered. Depletion of HIRA and RPA have shown to affect transcription of a few hundred genes (Zhang et al., 2017).

HIRA has been shown to interact with initiating and elongating forms of RNA polymerase II (Pol II) (Ray-Gallet et al., 2011), and this is thought to promote incorporation of H3.3 at active genes.

Finally, HIRA can also associate with histone methyltransferase Wolf-Hirschhorn syndrome candidate 1 (WHSC1), known to methylate H3K27, H3K36 and H4K20, and with Polycomb repressive complex 2 (PRC2) which trimethylates H3K27 [START_REF] Banaszynski | Hira-dependent histone H3.3 deposition facilitates PRC2 recruitment at developmental loci in ES cells[END_REF]. This suggests that H3.3 can be undergo PTMs at sites of chromatin deposition by HIRA, ensuring the maintenance of epigenetic states.

Moreover, histone chaperones can play a role in responding to DNA damages. The response to DNA damage can be separated into three distinct events: detection of the damage, processing and finally restoration (Figure 30).

During the detection step, phosphorylated γH2A.X serve as an early marker for DNA damage.

To allow access for the DNA repair machinery, nucleosomes flanking the DNA damage need to be transiently removed or displaced, and thus carried by histone chaperones. If Asf1 can handle evicted H3/H4 dimers, HIRA has also been shown to be recruited to DNA damage regions, already during the detection step. Following its recruitment to the damage, HIRA through its DNA binding property deposits H3.3 histone, to bookmark it, allowing transcription restart after repair (Adam S et al., 2013). 

Viruses and chromatin organization

Several families of viruses have a viral minichromosome, in episomal form, organized into a nucleosomal structure. Among them are found polyomaviruses, adenoviruses, papillomaviruses, herpesviruses, and hepatitis B virus.

The role of chromatin in viruses biology depends on the virus, but for all viruses having to be present in the nucleus, interactions with chromatin is mandatory. Viruses can undergo chromatinisation in order to evade the host-cell DNA damage response and immune system, but also in order to regulate their expression, as it is the case for latent viruses.

As minichromosomes, all these viruses require and/or use epigenetic processes to allow the different viral genome states necessary to complete an infection and coexist with its host.

Furthermore, viruses can also dysregulate host cell mechanisms in order to enhance their own replication. For example, they could stimulate the synthesis of elements implicated in DNA replication and transcription, or to inhibit immune pathways.

Polyomaviruses -Simian Virus 40

SV40 is a non-enveloped virus belonging to the Polyomaviridae family that replicates mainly in simian cells. Its 5.3 kb genome is in the form of double-stranded DNA and is assembled into typical eukaryotic chromatin that does not contain histone H1.

Regarding its replication cycle, this virus enters the cell, decapsidates its genome that enters the nucleus. This genome is then transcribed into several early mRNAs by cellular RNA polymerase II. The mRNA thus generated will serve as a template for the synthesis of the two viral proteins "T" and "t". Subsequently, the T protein initiates replication of the viral DNA by binding to the origin of replication and inducing the synthesis of cellular enzymes involved in replication. Therefore, the SV40 genome is replicated by host cellular machinery independently from the host genome replication, bidirectionally and symmetrically from an origin of replication [START_REF] Hassell | 22 SV40 and Polyomavirus DNA Replication[END_REF]. It has been shown that SV40 undergoes the same types of epigenetic regulation as cellular chromatin, such as nucleosome positioning [START_REF] Balakrishnan | Epigenetic Regulation of Viral Biological Processes[END_REF], or histone modifications [START_REF] Milavetz | Hyperacetylation and differential deacetylation of histones H4 and H3 define two distinct classes of acetylated SV40 chromosomes early in infection[END_REF].

Human Papillomaviruses

A viral minichromosome is present in both human and bovine papilloma virus (Favre et al., 1977). Here we will take the example of HPV human papillomavirus, better documented.

HPV human papillomavirus, is a non-enveloped virus that also has double-stranded DNA. As this virus infects human epithelial cells, its viral cycle depends on the state of differentiation of the cells forming the different epithelial layers [START_REF] Doorbar | The papillomavirus life cycle[END_REF].

The HPV replication cycle takes place through several stages:

First of all, following an injury, the virus passes the barrier of the epithelium and infects the cells of the basal layer. These cells, then, constitute reservoirs for replication of the viral DNA.

In the upper cell layers of the epithelium, cellular transcription factors allow the expression of HPV E6 and E7 viral proteins that induce cell proliferation and replication of concomitant viral DNA to that of the cell genome, by the host polymerase [START_REF] Doorbar | The papillomavirus life cycle[END_REF][START_REF] Mcbride | Replication and partitioning of papillomavirus genomes[END_REF]). In papillomavirus-infected cells, the replication of the viral minichromosme is due to its coupling with chromosome replication by the E2 transcriptional activator that binds to the origin of replication.

In late phases of the viral cycle of HPV, neo-synthesized virions are secreted following encapsidation of the viral DNA [START_REF] Mcbride | Replication and partitioning of papillomavirus genomes[END_REF].

Adenovirus

The adenovirus family presents a genome in form of double-stranded linear DNA, of approximately 35 kb. In its viral particle, adenovirus DNA is found associated with a viral protein called protein "VII" [START_REF] King | Color Me Infected: Painting Cellular Chromatin with a Viral Histone Mimic[END_REF]. This protein VII serves as a histone substitute to compact the viral DNA in the viral particle. Following the infection, this protein is (partially) replaced by cellular histones. As adenovirus genome is not chromatinized in the virus particle, it is thought that the primary function of epigenetics during adenovirus infection is to regulate the different aspects of the viral life cycle.

Herpesviridae

Herpesviridae is a family of large double stranded DNA viruses (approximately 160 kb). Among this family are found significant human pathogens such as herpes simplex virus (HSV), Epstein-Barr virus (EBV), and Kaposi's sarcoma-associated virus (KHSV). There are two important steps in the life cycle of those viruses which are: firstly, the circularization and chromatinization of the linear viral DNA, to avoid detection by the host DNA damage response. Secondly, the regulation of the choice between latent and lytic infection. To perform a latent infection, the virus must exist as an episome in the nucleus of the infected cells. All the viruses belonging to the herpesviridae family seem to be epigenetically regulated. Chromatinization is established within 1-2 hours of infection for HSV [START_REF] Knipe | Nuclear sensing of viral DNA, epigenetic regulation of herpes simplex virus infection, and innate immunity[END_REF] during lytic infection. In contrast, during latent infection, chromatinization appears to be a slower event.

HIRA, a role in viruses chromatinisation?

As described above, different viruses are known to form a stable episome in the nucleus of infected cells during their life cycle, in the same way HBV does. For all those viruses, epigenetic regulations have been investigated, but only few studies have been performed on the establishment of a chromatinized double stranded DNA. Recently, [START_REF] Wang | Histones Are Rapidly Loaded onto Unintegrated Retroviral DNAs Soon after Nuclear Entry[END_REF] using retrovirus models such as Moloney murine leukemia virus (MLV) or HIV-1, demonstrated that after reverse transcription and formation of a double stranded linear DNA, histones were rapidly loaded onto the unintegrated DNAs. This DNA was able to be epigenetically modified by the host machinery. Furthermore, in this family of episomal viruses, infection by HSV and CMV, two herpesviruses, have been shown to induce the re-localization of HIRA to PMLbodies. HIRA could also co-localize and bind both genomes, after infection or plasmid transfection, to deposit histone H3.3 (Rai et al., 2017). In the case of these herpesviruses, deposition of histone H3.3 by HIRA seemed to lead to anti-viral immunity against those viruses. The method is divided into 4 different steps:

Chromatin analysis

First, the chromatin is cross-linked using formaldehyde, stabilizing DNA-protein interactions (Jackson, 1978).

The cross-linked chromatin is thus sheared by sonication into small fragments of approximatively 500 bp.

Using an appropriate antibody, the protein of interest is immunoprecipitated with its interacting DNA.

Finally, the crosslinking is reversed, allowing the purification of DNA. The DNA sequences are thus analysed using PCR, (ChIP-qPCR), microarrays (ChIP-chip), sequencing (ChIP-seq) (Collas, 2010).

ChiP-seq consists of the same steps as ChIP, but couples it with quantitative nextgeneration sequencing technology.

ChIP and bisulfite-sequencing have been combined to perform Bis-ChIP-seq (Brinkman et al., 2012 ;Statham et al., 2012), thus allowing the detection of both DNA methylation and specific histone marks.

Protein/protein colocalization onto the same region of interest can also be analysed by performing sequential ChIP (ChIP-reChIP) (Furlan-Magaril et al., 2009). This consists of two sequential immunoprecipitations with antibodies of different specificity, followed by the reverse crosslinking step, purification and analysis of DNA.

b. Chromosome Conformation Capture (3C) techniques

Chromatin conformation capture is a recent technique allowing the study special chromatin organisation. The protocol involved, as for ChIP analysis, formaldehyde crosslinking of cells, followed by digestion with a restriction enzyme of the isolated chromatin. The restriction enzyme is selected in order to release a predicted DNA-DNA interaction, mediated by a protein complex (Dekker et al., 2006). The fragments are then ligated to form rings, and the crosslinking is reversed, and followed by qPCR to determine the presence of the ligation product. The quantity of these products directly reflects the frequency of interaction of the ligated regions. Isolation of Regulatory Elements) is a method used to determine the sequences associated with regulatory activity (Giresi et al., 2007). After sonication, the fragmented DNA is extracted using a phenol-chloroform method. In the organic phase will be found the DNA fragments cross-linked to nucleosomes, while in the aqueous phase will be the DNA fragments presenting « open » regions.

V V. Hepatitis B virus minichromosome: cccDNA

Background

cccDNA is the form of HBV DNA that persists within infected hepatocytes and the first intermediate of the replication to appear, even before viral particle production. Indeed, a pool of cccDNA appears between 8 and 12 days after infection with DHBV [START_REF] Tuttleman | Formation of the pool of covalently closed circular viral DNA in hepadnavirus-infected cells[END_REF].

cccDNA existence has been reported in other cells [START_REF] Lu | Intracellular levels of hepatitis B virus DNA and pregenomic RNA in peripheral blood mononuclear cells of chronically infected patients[END_REF] but a full demonstration of its presence and functionality has only been established in hepatocytes. This chromatin-like structure, also called viral minichromosome, is associated to histones and other host and viral proteins [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF][START_REF] Chong | Role of hepatitis B core protein in HBV transcription and recruitment of histone acetyltransferases to cccDNA minichromosome[END_REF] and is the template for transcription of viral RNAs.

This minichromosome can persist in quiescent cells without any effect on its viability.

Interestingly, following DHBV infection, the addition of suramin (a drug that prevents reinfection of cells), cccDNA is still produced [START_REF] Wu | In hepatocytes infected with duck hepatitis B virus, the template for viral RNA synthesis is amplified by an intracellular pathway[END_REF]. All these clues suggest that cccDNA may be amplified or maintained intracellularly rather than through re-infection of cells.

Two possibilities exist for the replication of the cccDNA: Either it is replicated semiconservatively, or asymmetrically via the retrotranscription of pgRNA. These two replication methods are distinguished by the incorporation of bromodeoxyuridine (BrdU), a thymine analogue, into the molecules formed. In the case of a semi conservative replication, BrdU is incorporated in both the negative and positive strands of the cccDNA. If the cccDNA is formed by the retrotranscription of the pgRNA, BrdU is incorporated only in the positive strand of cccDNA. After results, this latter method is the one used by HBV to form cccDNA. This asymmetric amplification thus makes possible to maintain a cccDNA pool, without resorting to semi-conservative replication [START_REF] Summers | Hepadnavirus envelope proteins regulate covalently closed circular DNA amplification[END_REF][START_REF] Tuttleman | Formation of the pool of covalently closed circular viral DNA in hepadnavirus-infected cells[END_REF].

It should be noted that nonfunctional cccDNA can be derived from the conversion of doublestranded linear DNA via non-homologous recombination (NHEJ). Indeed, ku80, a sensory component of the cNHEJ repair pathway has been showed to be necessary for cccDNA establishment from double-stranded linear DNA [START_REF] Guo | Characterization of the host factors required for hepadnavirus covalently closed circular (ccc) DNA formation[END_REF]. Nevertheless, this cccDNA contains deletion in the plus strand « gap » due to the repair.

cccDNA life span a a. Formation

As mentioned before in the chapter Hepatitis B, cccDNA is formed from the rcDNA contained in the virions entering the hepatocytes during the infection. Once released in the cytoplasm, the capsid is transported to the nucleus, where it is then removed. rcDNA is then released in the nucleus, where its conversion to cccDNA can be achieved.

From rcDNA to cccDNA : conceptual evidence for an involvement of host DNA repair

A very critical step in the HBV infection course is the conversion of the rcDNA, presents in the virions, into the chromatin-like structure, cccDNA, which is found only in the nucleus of infected host cells. Neither the plus strand, nor the minus strand is covalently closed. Thus, the process of conversion from rcDNA into cccDNA include different processes consisting of (Figure 31):

The Many processes and interacting proteins are involved in the formation of cccDNA. In order, the polymerase firstly needs to be removed (TDP2?), and then the redundancy terminal region from the minus strand, probably with the help of cellular exo-endonucleases. The RNA oligomer is then degraded, followed by the completion of the plus strand by cellular polymerases such as POLκ, ligation of plus and minus strand and finally histone deposition.

The release of the viral polymerase and the removal of redundancy terminal region from the minus strand Following the removal of the viral polymerase, a replication intermediate is formed: the PF-rcDNA for deproteinized rcDNA, meaning without polymerase attached to the negative strand of the rcDNA. The initiation of polymerase removal process is unknown. It seems that DNA strands are not ligated before this protein is removed (Guo et al., 2007[START_REF] Guo | Production and function of the cytoplasmic deproteinized relaxed circular DNA of hepadnaviruses[END_REF]. In addition, several teams have shown that this step was necessary but not sufficient to have a complete positive strand. Indeed, if an EPR (an in vitro reaction with the endogenous polymerase) is carried out on extracted virions (containing rcDNA), only 1% of PF-rcDNA is obtained. There is therefore another fundamental factor for the removal of the polymerase other than the completion of the positive strand (Guo et al., 2010a). This factor may not be present in the capsid but its entry could be during its destabilization [START_REF] Guo | Production and function of the cytoplasmic deproteinized relaxed circular DNA of hepadnaviruses[END_REF][START_REF] Köck | Generation of covalently closed circular DNA of hepatitis B viruses via intracellular recycling is regulated in a virus specific manner[END_REF].

Tyrosil DNA phosphodiesterase 2 (TDP2) has been the first host factor identified as one of the enzymes involved in the removal of the viral polymerase. Königer et al., (2014) showed that both human and chicken TDP2 were able to cleave the tyrosil-DNA bond from human and duck hepatitis B virus (DHBV) rcDNA in vitro. Furthermore, they demonstrated that depletion of TDP2 significantly reduced the conversion of rcDNA to cccDNA in vitro.

The question of where is removed the polymerase is a matter of great debate. For some, polymerase removal occurs in the cytoplasm in an intact capsid because PF-rcDNA is detected in the cytoplasm (Gao andHu, 2007, Guo et al., 2007). However, according to Köck et al., little PF-rcDNA is detected in the cytoplasm and 10% of nuclear (or at nuclear pore) DNA is rcDNA still bound to its polymerase, in intact capsids [START_REF] Köck | Generation of covalently closed circular DNA of hepatitis B viruses via intracellular recycling is regulated in a virus specific manner[END_REF]. The way to separate the nucleus and the cytoplasm differs in the papers and leads to a contamination between the nucleus and the cytoplasm in the first two papers of 2007. Indeed, the separation of the two compartments by treatment with NP40 detergent then centrifugation leads to detection of nuclear rcDNA in the cytoplasm while separation by sucrose gradient ultracentrifugation is more reliable [START_REF] Köck | Generation of covalently closed circular DNA of hepatitis B viruses via intracellular recycling is regulated in a virus specific manner[END_REF].

It would therefore seem that the removal of the polymerase takes place in the nucleus or at least at the nuclear pore.

Recently, Luo et al., (2017) have been able to identify a new rcDNA intermediate during its conversion to cccDNA. Indeed, thanks to combined digestion with Exonuclease I and Exonuclease III, degrading all DNA strands with a 3' free end, they preserved only closed circular DNA in their single or double stranded form. This approach allowed the identification of a particular rcDNA form with a minus covalently closed strand, and an opened plus strand.

In this form, the plus strand has been demonstrated to retain the RNA primer in 5', suggesting that the closing of the minus strand occurs before the plus strand processing.

Degradation of RNA oligomer from the plus strand DNA Before completion and ligation of the DNA strands, the cleavage/degradation of the RNA oligomer from the plus strand needs to be performed. As for the removal of the redundant terminal region of the minus strand, no host protein has been identified for those processes.

As enzymatic properties are probably required, it has been proposed that these factors could belong to the DDR. Particularly, exo and/or endonucleases have been studied. Following this hypothesis, cellular endonuclease XPG or exonuclease Exo1, and the complex XRCC1-Lig3 have been proposed to be part of the RNA oligomer degradation but also DNA strand ligation (Qi et al., 2016). For instance, the XRCC1-Lig3 complex is known to be involved in the ligation of NER induced breaks in quiescent cells. Furthermore, POLκ together with POLδ and POLε are involved in the nucleotide excision repair (NER) pathway of DNA filling of single-stranded DNA gaps.

Completion of the plus strand DNA

The completion of plus strand DNA (« filling the gap » of the rcDNA) is mandatory for cccDNA establishment. If viral DNA polymerase has been proved not to be necessary for this process, cellular DNA polymerase activity is required for the completion of rcDNA plus strand. Li and his team have demonstrated that POLκ plays a critical role in cccDNA establishment during de novo HBV infection both in vitro and in vivo (Qi et al., 2016). This polymerase plays a functional role in NER pathway by filling the gap produced upon excision of damaged nucleotides. The low copy number of cccDNA present in the hepatocyte nucleus, while up to 50 copies for DHBV, suggests that the amplification of the cccDNA is regulated by specific mechanisms.

Indeed, it is necessary for the virus to control the number of cccDNA molecules produced to be sufficient to form new virions but not excessive to not be toxic to the cell [START_REF] Tuttleman | Formation of the pool of covalently closed circular viral DNA in hepadnavirus-infected cells[END_REF]).

DHBV viruses replicating but deleted for envelope proteins were studied. After infection of primary duck hepatocytes with infectious particles containing the mutated DNA and an envelope delivered in trans, these cells were shown to accumulate a greater number of cccDNA molecules and for a longer duration than those infected with the wild-type virus. In addition, the level of replicative intermediates is roughly similar between viruses. The envelope proteins therefore negatively regulate the formation of the cccDNA pool in DHBV [START_REF] Summers | Hepadnavirus envelope proteins regulate covalently closed circular DNA amplification[END_REF].

i. DHBV envelope proteins involved in cccDNA recycling

Only two envelope proteins exist in DHBV: preS/S (equivalent of L protein in HBV) and S.

After the creation of different mutants for both domains of the DHBV envelope proteins, the preS portion appears to be involved in the regulation of the cccDNA. However, myristylation of this domain does not appear to be involved (Summers et al., 1991). In this preS domain, the region of amino acids 127 to 136 seems to control the amplification of the cccDNA and the production of virions. In contrast, viral infectivity is controlled by a different region (Lenhoff and Summers 1994a). Interestingly, of those mutants created in vitro, the mutant DHBV G133E accumulates a lot of cccDNA with a higher level of replicative intermediates and secretion of virions than wild-type virus after infection (Lenhoff and Summers, 1994b). However, after primary hepatocytes infection, a decrease in G133E mutant virus replication is observed after 3 weeks (Lenhoff and Summers, 1994b). It would therefore appear that the defective viruses for envelope proteins cannot establish persistent infection in vitro [START_REF] Summers | Hepadnavirus envelope proteins regulate covalently closed circular DNA amplification[END_REF] in contrast to infection with a wild-type virus. Indeed, the latter causes a maintenance of replication intermediates, which is not due to reinfection of cells, even 20 days post infection [START_REF] Summers | Hepadnavirus envelope proteins regulate covalently closed circular DNA amplification[END_REF].

It would then appear that cytopathic strains are not selected during infection and are replaced by the wild type strain in vitro and in vivo [START_REF] Lenhoff | Competition in vivo between a cytopathic variant and a wild-type duck hepatitis B virus[END_REF][START_REF] Lenhoff | Acute liver injury following infection with a cytopathic strain of duck hepatitis B virus[END_REF].

ii.

HBV envelope protein involved in cccDNA recycling The large envelope protein L also seems to regulate the accumulation of HBV cccDNA. On the other hand, the implication of the M and S envelope proteins in this regulation is unclear. In fact, the non-expression of the three envelope proteins leads to a six-fold increase in the level of cccDNA compared to the wild-type virus and the level of cccDNA is correlated with the level of expression of these proteins. In addition, the overexpression of the three envelope proteins blocks the completion of the positive strand suggesting that the synthesis of the positive strand is stopped during wrapping [START_REF] Lentz | Roles of the envelope proteins in the amplification of covalently closed circular DNA and completion of synthesis of the plus-strand DNA in hepatitis B virus[END_REF].

iii.

Regulation hypothesis

It has been shown that the L protein alters the localization of the core protein. Indeed, when HBc is expressed alone, it is localized in the nucleus. But when the L protein is expressed with HBc, HBc becomes undetectable in the nucleus. Thus, the L protein inhibits the nuclear transport of HBc (Yeh et al., 1994). Interestingly, when the HBV envelope proteins are mutated, no hyper accumulation of cccDNA is observed in the nuclei but hyper accumulation of the PF-rcDNA is observed. This therefore suggests that the envelope proteins regulate a step prior to deproteinization of the cccDNA, probably the intracellular trafficking of mature nucleocapsids.

In addition, since no hyper accumulation of cccDNA is observed, the formed PF-rcDNA pool is then not fully converted to cccDNA in cells infected with HBV deficient for envelope proteins, probably because of DNA repair systems saturation [START_REF] Gao | Formation of hepatitis B virus covalently closed circular DNA: removal of genome-linked protein[END_REF].

The hypothesis of regulation would therefore be that the interaction of the nucleocapsid with one or more envelope proteins would lead to the formation of virions. This would be dependent on the amount of envelope proteins present. If no interaction occurs, the capsid is redirected to the nucleus [START_REF] Summers | Hepadnavirus envelope proteins regulate covalently closed circular DNA amplification[END_REF].

Furthermore, it has been shown that intracellular recycling was regulated in a virus specific manner, as DHBV and HBV recycling are not leading to the same amount of cccDNA produced.

Indeed, in the same human cell line, DHBV but not rcDNA is able to be efficiently converted into cccDNA. This study reported that nuclear import, release from the capsid and removal of the covalently bound polymerase were contributing to HBV cccDNA formation [START_REF] Köck | Generation of covalently closed circular DNA of hepatitis B viruses via intracellular recycling is regulated in a virus specific manner[END_REF]. Finally, this study showed that the major contribution of cccDNA formation during intracellular recycling was coming from the virus instead of the cell.

Activity

a a. Minichromosome structure HBV cccDNA is organized in a nucleosomal structure with histones H3 and H2B, H2A, H4 and H1 [START_REF] Bock | Hepatitis B virus genome is organized into nucleosomes in the nucleus of the infected cell[END_REF](Bock et al., , 2001)). In the cellular DNA, the nucleosome is composed of 146 bp of DNA surrounded around a histone octamer formed of two molecules of each histone H2A, H2B, H3 and H4. The nucleosomes are separated by 50 bp associated with H1 and H5 [START_REF] Newbold | The covalently closed duplex form of the hepadnavirus genome exists in situ as a heterogeneous population of viral minichromosomes[END_REF], as demonstrated on DHBV cccDNA.

When digesting DHBV cccDNA with micrococcal nuclease, which cleaves the DNA binding two nucleosomes, a 150 bp DNA is found instead of 200 bp for a "classical" chromatin. The spacing between two nucleosomes is therefore shorter in the virus than in the cell (5 bp versus 50 bp) [START_REF] Newbold | The covalently closed duplex form of the hepadnavirus genome exists in situ as a heterogeneous population of viral minichromosomes[END_REF]. In cells expressing constitutively HBV, the average number of nucleosomes is of 18, resulting in a nucleosome spacing of 180 bp [START_REF] Bock | Hepatitis B virus genome is organized into nucleosomes in the nucleus of the infected cell[END_REF]. The number of nucleosomes present on the minichromosome varies over time according to the transcriptionally active state of the cccDNA or not. Thanks to two-dimensional electrophoresis, a team showed that 80% of the cccDNA was grouped into two populations; a first population with the majority of the DNA compacted in 18 to 20 nucleosomes and the second with two times less nucleosomes [START_REF] Newbold | The covalently closed duplex form of the hepadnavirus genome exists in situ as a heterogeneous population of viral minichromosomes[END_REF]. The latter is considered transcriptionally active.

The position of nucleosomes on the cccDNA is not random. Indeed, the region containing the regulatory elements of DHBV transcription (nucleotides 2000-2700) is still protected by nucleosomes from one infected duck to another. Nevertheless, the other sites protected by nucleosomes are more or less variable between ducks but transmitted from a duck to his offspring.

b. cccDNA methylation

HBV DNA can be methylated in human tissues, in both its chromatinized (Vivekanandan et al., 2008) and integrated forms [START_REF] Chen | Detection of hepatitis B virus DNA in hepatocellular carcinoma: methylation of integrated viral DNA[END_REF]. During infection of cells with HBV, a mechanism of defense of the host is set up: the methylation of DNA. This methylation induced by the recruitment of DNA methyltransferases like DNMT3 is a repressive mark of HBV replication.

When methylated HBV DNA is transfected into HepG2 cells, HBV transcription is decreased.

Three potentially methylation-modifiable CpG sites exist on HBV DNA: position 55-286 (near the S gene ATG), 1224-1667 (on the enhancers 1 and 2) and 2257-2443 (on the start codon of pol) [START_REF] Vivekanandan | Methylation regulates hepatitis B viral protein expression[END_REF]. Interestingly, the methylation of HBV is not specific. Indeed, when HBV is present in the cells transiently or chronically, the DNA of HBV is methylated as well as that of the host cell causing a downregulation of the expression of cellular genes. This methylation of cellular genes may affect promoters of tumor suppressor genes, thus leading to the risk of developing HCC, or innate immunity coding genes such as IL4 (Vivekanandan and Torbenson, 2008).

c c. H Histone's modification: methylation and acetylation

Variation in the number of nucleosomes suggests transcriptional regulation of cccDNA through epigenetic modifications. Indeed, the amino-terminal tails of the histones can be modified by acetylation or methylation. It has been shown in a linear HBV transfection model that when histones H3 and H4 are acetylated this leads to a positive regulation of virus replication. In addition, when acetylation is artificially maintained by histone deacetylase inhibitors, the recruitment of the cellular acetyltransferases p300/CREB-binding protein (CBP) is observed onto cccDNA, and the level of replication intermediates is increased as is the amount of secreted virions (Figure 32) [START_REF] Pollicino | Hepatitis B virus replication is regulated by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones[END_REF]. Furthermore, in vitro, the addition of class I/II histone deacetylase inhibitors (like valproic acid or trichostatin) has been demonstrated to lead to an upregulation of HBV replication [START_REF] Koumbi | Current and future antiviral drug therapies of hepatitis B chronic infection[END_REF].

Deacetylation of histones is correlated in vivo with the presence of HDAC (histones deacetylases) on the cccDNA and leads to a repression of transcription inducing a decrease in virus replication and a lower viral load [START_REF] Pollicino | Hepatitis B virus replication is regulated by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones[END_REF]. The reduction of the histone acetylation rate is a signal for the recruitment of repressor markers of replication such as DNA and histone methylases. Following the administration of IFN-α, HBV replication has been shown to be strongly repressed. It has recently been demonstrated that in both HBVreplicating cells, and HBV infected liver-humanized uPA/SCID mice, that a treatment with IFNα inhibited cccDNA transcriptional activity by targeting the chromatin remodeler PRC2 (Polycomb Repressive Complex 2) [START_REF] Belloni | IFN-α inhibits HBV transcription and replication in cell culture and in humanized mice by targeting the epigenetic regulation of the nuclear cccDNA minichromosome[END_REF]. In another study, using a DHBV cell based model, [START_REF] Liu | Alpha-interferon suppresses hepadnavirus transcription by altering epigenetic modification of cccDNA minichromosomes[END_REF] demonstrated that this same treatment lead to a reduced cccDNA acetylation of H3K9 and H3K27 histone residues. Finally, a recent study led by Tropberger et al., (2015) showed that the repression of HBV by IFN-α is due to a decrease of active PTMs on cccDNA, a phenomenon confirmed by treatment with a small epigenetic drug, C646, inhibiting precisely p300/CBP HATs. Using a ChIP-Seq approach on HBV-infected HepG2-NTCP cells, primary human hepatocytes and human liver tissues, this study was the first to perform genome-wide maps of post-translational modifications of cccDNA, in all these models.

This research also demonstrated that high levels of PTMs linked with active transcription were found at specific sites in HBV genome, while levels of PTMs associated with repression were quite low, even at silent HBV promoters. Furthermore, activation of innate immunity pathway by IFN-α and C646 treatment, a small molecule epigenetic modifying agent targeting p300/CBP [START_REF] Bowers | Virtual ligand screening of the p300/CBP histone acetyltransferase: identification of a selective small molecule inhibitor[END_REF] were reducing both active PTMs and transcription of HBV cccDNA.

Eventually, contrary to IFN-α, a treatment with IL6 showed a reduction of cccDNA acetylation and transcription, thus without disturbing cccDNA chromatinization [START_REF] Palumbo | IL6 Inhibits HBV Transcription by Targeting the Epigenetic Control of the Nuclear cccDNA Minichromosome[END_REF]. For instance, in that case, cccDNA transcriptional activity was diminished by reduction of the binding of cccDNA essential transcription factors, such as HNF1α and HNF4α. Inactive cccDNA contains repressive transcriptional markers such as histones or DNA methylases. 

Findings on HBV DNA methylation

Findings on the acetylation of the cccDNA minichromosome

Low HBV replication correlates with cccDNA hypoacetylation and the recruitment of p300/CBP and HDAC1 [START_REF] Pollicino | Hepatitis B virus replication is regulated by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones[END_REF] Histone deacetylase inhibitors restore HBV replication HBx recruitment onto cccDNA correlates with HBV replication and acetyltransferase upregulation [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF] In absence of HBx, HBV decreased replication correlates with cccDNA hypoacetylation; p300 inhibition; reduced pgRNA; deacetylase increase IFN-α treatment reduces DHBV acetylation of cccDNA-bound H3K9 and H3K27 histones but has no effect on H3K9me3 and H3K27me2 demethylases Some viral proteins have a role in epigenetic regulation and are found associated to the cccDNA. Indeed, the cccDNA is immunoprecipitated by an anti-HBc antibody showing the presence of core on this DNA. This core protein influences the nucleosomal structure of the cccDNA. It causes the compaction of the cccDNA of 10%, thus decreasing the space between the nucleosomes from 200 to 180 bp (Bock et al., 2001). It appears that HBc preferentially binds to the CpG2 Island which controls the transcriptional regulation of the cccDNA. CpG island 2, is indeed critical for HBV cccDNA transcription, as it is covering the enhancer I/X promoter, but also located upstream of the enhancer II/core promoter. Its binding is associated with positive transcriptional regulation marks such as the hypomethylation of DNA or smaller amount of HDAC. HBc binding also allows the recruitment of the CBP factor, an acetyltransferase [START_REF] Guo | HBc binds to the CpG islands of HBV cccDNA and promotes an epigenetic permissive state[END_REF].

In addition, the nonstructural regulatory X protein is also recruited on cccDNA, and has been shown to be mandatory for the initiation of cccDNA transcription of the viral RNAs (Lucifora et al., 2011).

An HBV-deleted HBx mutant has weaker replication suggesting involvement of HBx in the epigenetic regulation of cccDNA. In this case, the histones are hypoacetylated because the recruitment of p300 acetyltransferase is decreased and the recruitment of hSirtI and HDAC1 deacetylases increased [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF] (Figure 33). On the contrary, in the presence of HBx, cccDNA transcription is activated through the recruitment of PCAF/GCN5, p300 and CBP acetyltransferases onto cccDNA, but also through the inhibition of chromatin regulators PP1/HDAC1 complex [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF], Riviere et al., 2015). The transcriptional repression observed after an IFN-α treatment was reported to be HBx-independent [START_REF] Belloni | IFN-α inhibits HBV transcription and replication in cell culture and in humanized mice by targeting the epigenetic regulation of the nuclear cccDNA minichromosome[END_REF].

A recent study highlighted that the absence of HBx was correlated with the presence of repressive chromatin marks such as H3K9me2 and H3K9me3, but also to the binding of heterochromatin protein 1 factors and the histone methyltransferase SETDB1 (inducing the methylation of H3K9) [START_REF] Rivière | HBx relieves chromatin-mediated transcriptional repression of hepatitis B viral cccDNA involving SETDB1 histone methyltransferase[END_REF].

This HBx protein has been demonstrated to be required for the initiation of cccDNA-driven transcription of all the viral RNAs. Furthermore, recent studies demonstrated that HBx is able to drive the degradation of the complex Smc5/6, a complex involved in the structural maintenance of chromosomes (Decorsiere et al., 2016). Indeed, HBx is promoting the interaction of this complex with a subunit of the ubiquitin proteasome complex, the E3 ubiquitin ligase, called Cul4. This binding leads to the ubiquitination and then degradation of the Smc5/6 complex. The complex Smc5/6 binds to cccDNA, and could be acting as a host restriction factor able to suppress cccDNA transcriptional activity.

Chromatin modifications

Mark (DNA or histone) Site Function DNA methylation

Methylated cytosine (meC)

CpG islands Repression Histone Post-Translational modifications Acetylated lysine (K Ac) H3 (9,14,18,[START_REF] Day | Epigenetic Treatments for Cognitive Impairments[END_REF] H4 (5,8,13,16) H2A, H2B Activation Phosphorylated Serine/Threonine (S/T) H3 (3,10,28) H2A, H2B Type, site and functions of known chromatin marks. The numbers between brackets represent the amino acid residues involved in the given modifications. 

Fate of cccDNA a a. Persistence and reactivation

Despite the disappearance of viral markers, traces of cccDNA remain. Indeed between 0.01 and 0.1 copies per cell are found in chimpanzees two years after infection (Wieland et al., 2004b). This low level of cccDNA is detectable despite the maintenance of an anti-HBV immune response [START_REF] Rehermann | The hepatitis B virus persists for decades after patients' recovery from acute viral hepatitis despite active maintenance of a cytotoxic T-lymphocyte response[END_REF]. The cccDNA is, therefore, responsible for the persistence of HBV in the infected cells. The reactivation of these molecules is linked to their controls by the immune system. Indeed, when the immune system is decreased as in a bone marrow transplant for example, the virus can be reactivated from the cccDNA present in the cells [START_REF] Lau | Hepatic events after bone marrow transplantation in patients with hepatitis B infection: a case controlled study[END_REF]. Cases of HBV transmission during liver transplantation of a donor with resolved HBV infection are also possible [START_REF] Dickson | Quality of life of hepatitis B and C patients after liver transplantation[END_REF].

b. Natural clearance of cccDNA by host immune system

Two mechanisms can lead to cccDNA elimination: a cytolytic mechanism involving hepatocyte destruction or a non-cytolytic mechanism that induces the elimination of cccDNA without killing the cell [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF][START_REF] Zoulim | New insight on hepatitis B virus persistence from the study of intrahepatic viral cccDNA[END_REF]. These two systems are not exclusive.

Three models are proposed in the literature for the clearance of cccDNA (Mason et al., 2009;Nassal, 2015):

The "curing", or non-cytolytic elimination model: cytokines produced during the immune response to infection inhibit virus replication, but also inhibit cccDNA synthesis by supressing replicative intermediates. In this hypothesis, there is no need for hepatocyte death, or regeneration.

The "killing", or cytolytic elimination model: cytokines act on the replicative intermediates and the synthesis of cccDNA but are not able to eliminate the preexisting cccDNA. cccDNA is eliminated only through hepatocyte death.

A third model proposes that in absence of cccDNA neo-formation, which is the case in patients undergoing nucleot(s)ide analogues therapy, the existing pool of cccDNA may be gradually eliminated, by combination of hepatocyte death and cell division.

Two questions arise. First, is hepatocyte lysis involved in the clearance process of the cccDNA and is the cccDNA lost by dilution during mitosis?

i.

Hepatocyte lysis

Few doubts exist about the intervention of a cytokine-mediated non-cytolytic response in HBV clearance. Indeed, the cytolytic response could mathematically not be sufficient to clear an infection with HBV because it requires contact between infected cell and lymphocytes.

However, the amount of infected cells is too large compared to the number of CD8 + lymphocytes present [START_REF] Chisari | Pathogenesis of hepatitis B virus infection[END_REF]. In addition, clearance of the virus in patients is associated with clinical recovery suggesting that hepatocyte lysis is not intense (Guidotti et al., 1996). It is therefore clear that the elimination of HBV and consequently of the cccDNA, requires the intervention of cytokines.

In transgenic mice (Guidotti et al., 1996) containing a HBV genome integrated into the genome of hepatocytes, the HBV replicative intermediates are only removed non-cytolytically. Indeed, after injection of CD8 + lymphocytes (LTc) which cannot form perforin and thus not cause cell death, no elevation of ALT (hepatocellular enzyme released into the circulation by necrotic hepatocytes) is observed. On the other hand, the replicative intermediates are eliminated by the cytokines IFN-γ and TNF-α, two cytokines, secreted by LTc. Nevertheless, this model has some limitations. Indeed, mouse cells are not infected with the virus and no cccDNA is produced. It is therefore impossible to determine whether this elimination of non-cytolytic replication intermediates could also be sufficient to clear the cccDNA.

In the resolution of WHV infection, PCNA (proliferating cell nuclear antigen) detection indicates the existence of hepatocyte proliferation during clearance [START_REF] Summers | Hepatocyte turnover during resolution of a transient hepadnaviral infection[END_REF]. To measure the amount of renewed cells, the integrated viral DNA is used as marker for each hepatocyte population. Since the integrations occur randomly, the sequences obtained are unique. If two integrated sequences are identical, we can conclude that the cells come from clonal expansion of a unique cell. The frequency of integration does not seem to decrease during the resolution of infection and consequently the elimination of the cccDNA. In conclusion, the liver regeneration seems to be initiated by (already) indefted cells.

In chimpanzees, a relevant model of HBV infection, viral clearance is mediated cytolytically and non-cytolytically [START_REF] Thimme | CD8(+) T cells mediate viral clearance and disease pathogenesis during acute hepatitis B virus infection[END_REF]. If an HBV-infected chimpanzee is treated with CD8 + lymphocyte-blocking antibodies, when the CD8 + level returns to normal, a CD8 plateau is observed coinciding with stabilization of HBV DNA levels.

In this model, clearance of the cccDNA seems to be done in two stages. At first, the cccDNA is be eliminated in a non-cytolytic way, resulting in a 8.6 times fold drop. Then, hepatocyte lysis is observed, resulting in the elimination of infected cells positive for the HBc antigen, as well as a 11-fold reduction of cccDNA levels. Nevertheless, even after viral clearance, traces of cccDNA are still present in the cells (Wieland et al., 2004b).

ii. cccDNA dilution during mitosis cccDNA fate during mitosis has been firstly observed in DHBV-infected ducklings treated with

NUCs by the group of [START_REF] Reaiche-Miller | Duck hepatitis B virus covalently closed circular DNA appears to survive hepatocyte mitosis in the growing liver[END_REF]. In this study, cccDNA appeared to survive mitosis.

Nevertheless, duck-to-duck important variations of cccDNA loss during mitosis could not be excluded in some of the treated ducks. On contrary, studies with patient liver biopsies, but also with animal hepadnavirus (Mason et al., 2007;Addison et al., 2002) revealed a decrease of cccDNA loads when the hepatocyte turnover was important [START_REF] Mason | Clonal expansion of normalappearing human hepatocytes during chronic hepatitis B virus infection[END_REF]. Because of its minichromosomal structure, it has been expected that upon hepatocyte mitosis, cccDNA would be distributed in an unequal way among daughter cells. Remarkably, cell division appeared to lead to cccDNA dilution between daughter cells, but also to intrahepatic loss (Figure 34). For example, Alweiss et al., (2017) demonstrated that in primary human hepatocytes, proliferation was leading to a strong cccDNA dilution in the liver of human chimeric mice. Moreover, a recent approach of FISH in infected cells and patient liver biopsies allowed to demonstrate a symmetrical distribution of the viral DNA during mitosis to daughter cells [START_REF] Li | Distribution of hepatitis B virus nuclear DNA[END_REF]. This information strongly suggests that in this model, cccDNA is diluted, and not lost during mitosis.

In conclusion, the cccDNA can be removed from cells by cytolytic and non-cytolytic processes.

Nevertheless, the kinetics clearance of the cccDNA is a slow process as cccDNA is stable in infected. The asymmetric nature of the viral cycle protects the cccDNA from polymerase inhibitors and the formation of cccDNA is possible from both circulating virions and intracellular capsids [START_REF] Zoulim | New insight on hepatitis B virus persistence from the study of intrahepatic viral cccDNA[END_REF]. Proliferation of hepatitis B virus infected hepatocytes appears to lead to cccDNA dilution, but also loss.

c c. Therapeutic clearance

As demonstrated, cccDNA is very stable even despite the fact that immune system is able to cease viral replication. Its half-life varies from 3 to 30 days depending on the type of cells used for its measurement [START_REF] Zoulim | New insight on hepatitis B virus persistence from the study of intrahepatic viral cccDNA[END_REF]. One would think that the use of antivirals would allow the complete elimination of this intermediate of replication. Unfortunately, antivirals do not prevent the initial formation of cccDNA from circulating virions even when treatment is started before infection [START_REF] Delmas | Inhibitory effect of adefovir on viral DNA synthesis and covalently closed circular DNA formation in duck hepatitis B virus-infected hepatocytes in vivo and in vitro[END_REF][START_REF] Köck | Inhibitory effect of adefovir and lamivudine on the initiation of hepatitis B virus infection in primary tupaia hepatocytes[END_REF]. Nevertheless, the amplification of the cccDNA by recycling the capsids to the nucleus is inhibited, yet the pre-existing cccDNA is not eliminated [START_REF] Delmas | Inhibitory effect of adefovir on viral DNA synthesis and covalently closed circular DNA formation in duck hepatitis B virus-infected hepatocytes in vivo and in vitro[END_REF]. With adefovir therapy, a computational model predicted that approximately 14.5 years would be required to completely clear the cccDNA from a chronically infected liver [START_REF] Tsiang | Analysis of hepatitis B virus dynamics and its impact on antiviral development[END_REF].

The depletion of cccDNA with nucleoside analogues is due to a lack of capsids that can be recycled to the nucleus. This suggests the necessity of a long-term therapy. However, the major limitation is that long-term treatment can lead to the development of antiviral resistance [START_REF] Ghany | Antiviral resistance and hepatitis B therapy[END_REF].

i. Curent available therapeutic strategies

Nowadays, there is no treatment allowing the complete cure of Hepatitis B. Nonetheless, seven drugs are available for the treatment of CHB patients: 2 different formulation of IFN-α (conventional or PEGylated) and 5 nucleos(t)ide polymerase inhibitors (lamivudine, telbivudine, adefovir dipivoxil, tenofovir disoproxil fumarate, and entecavir) (Figure 35).

IFN-α effects on HBV infection have been known for a long time [START_REF] Greenberg | Effect of human leukocyte interferon on hepatitis B virus infection in patients with chronic active hepatitis[END_REF]. It has been accepted for the treatment of CHB patients in the nineties and it is recommended for HBeAg positive patients with low viral load and persistent liver necro-inflammatory activity (high ALT). The definitive mechanism of inhibitory effect of IFN on HBV infection is not established and a number of possibilities have been suggested. Replication inhibition has been reported to be mediated by (non-exhaustive list):

• Blockade of RNA-containing core particle formation [START_REF] Wieland | Intrahepatic induction of alpha/beta interferon eliminates viral RNA-containing capsids in hepatitis B virus transgenic mice[END_REF];

• Acceleration of decay of replication-competent core particles (Xu et al., 2010);

• Degradation of pgRNA [START_REF] Li | Inhibition of hepatitis B virus replication by MyD88 involves accelerated degradation of pregenomic RNA and nuclear retention of pre-S/S RNAs[END_REF];

• MxA mediated inhibition of nuclear export of HBV mRNA [START_REF] Gordien | Inhibition of hepatitis B virus replication by the interferon-inducible MxA protein[END_REF];

• Inhibition of HBV transcriptional activity, associated with repression of Enhancer-1 activity [START_REF] Rang | Effect of interferon alpha on hepatitis B virus replication and gene expression in transiently transfected human hepatoma cells[END_REF][START_REF] Tur-Kaspa | Alpha interferon suppresses hepatitis B virus enhancer activity and reduces viral gene transcription[END_REF][START_REF] Uprichard | Transcriptional and posttranscriptional control of hepatitis B virus gene expression[END_REF];

• Epigenetic regulation of cccDNA transcriptional activity [START_REF] Belloni | IFN-α inhibits HBV transcription and replication in cell culture and in humanized mice by targeting the epigenetic regulation of the nuclear cccDNA minichromosome[END_REF][START_REF] Liu | Alpha-interferon suppresses hepadnavirus transcription by altering epigenetic modification of cccDNA minichromosomes[END_REF];

• Non-hepatotoxic degradation of cccDNA [START_REF] Lucifora | Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA[END_REF].

Furthermore, IFN-α treatment was shown to activate natural killer (NK) and NK-T cells in patients [START_REF] Micco | Differential boosting of innate and adaptive antiviral responses during pegylated-interferon-alpha therapy of chronic hepatitis B[END_REF], as well as the specific induction of CD8+ T cell [START_REF] Chen | Pegylated interferon α-2b up-regulates specific CD8+ T cells in patients with chronic hepatitis B[END_REF].

However, another study has shown that IFN-α treatment in HBeAg negative patients reduced strikingly the number of CD8 T cell [START_REF] Micco | Differential boosting of innate and adaptive antiviral responses during pegylated-interferon-alpha therapy of chronic hepatitis B[END_REF]. Two types of treatment can be considered for chronic hepatitis B. On the one hand, the immune system can be stimulated to effectively eliminate the virus and, on the other hand, antivirals having a direct effect on the replication of the virus can be used. PEG-IFN: pegylated interferon, IFN-α: interferon alpha.

Direct-Acting-Agents (DAAs) currently used for CHB patients inhibit HBV polymerase by mimicking natural nucleosides and by incorporating in newly synthesized HBV DNA or RNAs leading to chain termination [START_REF] Koumbi | Current and future antiviral drug therapies of hepatitis B chronic infection[END_REF]. This treatment leads to a very slow (up to decades) decrease in amounts of cccDNA [START_REF] Werle-Lapostolle | Persistence of cccDNA during the natural history of chronic hepatitis B and decline during adefovir dipivoxil therapy[END_REF]. Those molecules have been classified into 3 groups:

• L-nucleoside such as Lamivudine (3TC) and telbivudine;

• Acyclicphosphonate, including adefovir dipivoxil (ADF) and tenefovir disoproxil fumarate (TDF);

• Cyclopentanes, represented by entecavir (ETV).

However, a lifelong treatment is mandatory to prevent HBV reactivation as interruption of treatment leads to relapses (return of detectable HBV DNA quantity in serum of patients with clinical exacerbation).

ii.

Investigated drugs in development

Despite the existence of an effective and safe vaccine to prevent HBV infection, and several therapeutic options to inhibit viral replication, one major challenge persists: no current therapy leads to viral eradication and the rate of HBsAg seroconversion (called "functional cure") remains very low in treated patients [START_REF] Zeisel | Towards an HBV cure: state-of-the-art and unresolved questions--report of the ANRS workshop on HBV cure[END_REF].

Nowadays, the main focus of HBV drug development research relies on either being able to cure the infected cell or on killing the infected cell, without damaging the healthy ones.

Curing the infected cell

By targeting the virus -Targeting viral entry would prevent healthy cells to be further contaminated. For this, entry inhibitors such as Myrcludex® B can block interaction between HBV envelop and hNTCP [START_REF] Schulze | Fine mapping of pre-S sequence requirements for hepatitis B virus large envelope protein-mediated receptor interaction[END_REF]. This molecule inhibits the establishment and spreading of HBV particles [START_REF] Lütgehetmann | Humanized chimeric uPA mouse model for the study of hepatitis B and D virus interactions and preclinical drug evaluation[END_REF][START_REF] Volz | The entry inhibitor Myrcludex-B efficiently blocks intrahepatic virus spreading in humanized mice previously infected with hepatitis B virus[END_REF]. Myrcludex® B is currently in phase II trial.

Preliminary results show a decrease of HBV viremia at week 24 after initiation of treatment (Bogomolov et al., 2014). Other entry inhibitors are in development, such as cyclosporin analogues (Shimura et al., 2017), or Proanthocyanidin, a polyphenol targeting the preS1 region of the large surface protein (Tsukuda et al., 2017).

-Targeting viral assembly/encapsidation would also prevent new infection of neighbour cells, but also limit the recycling and formation of cccDNA concerning capsid inhibitors. Different studies have led to the development of Encapsidation inhibitor. Indeed, as discussed in the Hepatitis B chapter, HBV nucleocapsid plays a central role in HBV replication. HBc is mandatory for virion secretion and encapsidation of pgRNA is essential for retro-transcription to rcDNA.

Capsids modulators have been explored for more than a decade and 2 classes of molecule have been identified: Heteroaryldhydropyrimidines (HAP), which, when used at low doses accelerate the assembly of capsid and formation of aberrant particles. At higher doses HAP increase capsid degradation [START_REF] Bourne | Small-molecule effectors of hepatitis B virus capsid assembly give insight into virus life cycle[END_REF]. Phenylpropenamide derivatives, which target pgRNA encapsidation by promoting capsid formation without pgRNA inside (no effect on total HBcAg amounts but this treatment affects cccDNA amounts). Furthermore, Viral assembly inhibitors have recently been developed: those are nucleic acid polymers (NAP) which inhibit HBsAg secretion and viral particle formation, in pre-clinical evaluations (Noordeen et al., 2013a(Noordeen et al., , 2013b)). In vitro, NAPs were shown to have a dose-dependent inhibition of viral entry whereas they did not elicit any anti-viral effect after infection [START_REF] Guillot | Inhibition of hepatitis B viral entry by nucleic acid polymers in HepaRG cells and primary human hepatocytes[END_REF]. Furthermore, as HBsAg is thought to play an important role in suppressing the HBV-specific immune response, control of HBsAg secretion could potentially enable its use with the therapeutic vaccine or as a combination therapy with NAs for the treatment of HBV.

-Targeting cccDNA, the persistence reservoir of HBV would be fundamental to achieve viral elimination. Inhibition of cccDNA can be obtained by i) preventing its formation and ii) promoting its degradation or silencing its transcription. The current methods in development are: cccDNA destabilization: Some molecules have been identified in pre-clinical studies to reduce the cccDNA pool. First, disusbtituted sulforamide compounds inhibit the formation of cccDNA in vitro [START_REF] Cai | Identification of disubstituted sulfonamide compounds as specific inhibitors of hepatitis B virus covalently closed circular DNA formation[END_REF]. Moreover, some enzymes and cytokines have been shown to induce non-cytolytic cccDNA degradation, such as zinc-finger nucleases and the CRISPR/Cas9 system, and agonists of the lymphotoxin β receptor [START_REF] Lucifora | Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA[END_REF][START_REF] Weber | AAV-mediated delivery of zinc finger nucleases targeting hepatitis B virus inhibits active replication[END_REF].

Transcriptional repression: cccDNA is subject to epigenetic regulation. It is tempting to use compounds targeting chromatin-modifying enzymes to inhibit cccDNA transcriptional activity.

Strategies can include induction of histones hypo-acetylation and induction of DNA, and specific histones, methylation [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF]. Furthermore, HBx inhibitors could be developed, as it would be virus specific, and lead to a strong decrease of cccDNA transcriptional activity.

If capsid inhibitors and NUCs indirectly target the cccDNA pool, silencing or degrading the cccDNA would be a direct and definitive action, leading to a potential cure of infected hepatocytes.

-Finally, viral mRNA can also be directly targeted, using antisense oligonucleotides, or RNAi.

In vitro studies have shown that HBV transcript levels can be decreased by using antisense RNA complementary to hepatitis B virus (Putlitz et al., 1998), or by hairpin ribozymes (Welch et al., 1997). Moreover, different studies have shown that HBV replication could be downregulated by using RNAi, both in vitro and in vivo in mice models (Klein et al., 2003;Shlomai et al., 2003).

By targeting the host

Several immunomodulatory strategies are undergoing clinical evaluation for the control of HBV infection and include interferons, cytokines, Pattern Recognition Receptors (PRR) agonists and therapeutic vaccines [START_REF] Isorce | Antiviral activity of various interferons and pro-inflammatory cytokines in non-transformed cultured hepatocytes infected with hepatitis B virus[END_REF]. Besides IFNα, inhibition of HBV replication can be achieved in vitro and animal models with both interferon gamma and lambda [START_REF] Pagliaccetti | Lambda and alpha interferons inhibit hepatitis B virus replication through a common molecular mechanism but with different in vivo activities[END_REF][START_REF] Shi | Effect of interferon-γ and tumor necrosis factor-α on hepatitis B virus following lamivudine treatment[END_REF]. Several cytokines have been considered for HBV treatment and are at diverse phases of preclinical and clinical evaluation. IL-1β has been shown to have a potent anti-viral effect against HBV [START_REF] Isorce | Immune-modulators to combat hepatitis B virus infection: From IFN-α to novel investigational immunotherapeutic strategies[END_REF][START_REF] Watashi | Interleukin-1 and tumor necrosis factor-α trigger restriction of hepatitis B virus infection via a cytidine deaminase activation-induced cytidine deaminase (AID)[END_REF]. IL-12, in combination with 3TC, was shown to increase HBV-specific T cell activity and to induce HBeAg seroconversion [START_REF] Rigopoulou | Lamivudine plus interleukin-12 combination therapy in chronic hepatitis B: antiviral and immunological activity[END_REF]. Active clinical and preclinical research is currently underway to explore the role of PRR stimulation in the inhibition of HBV infection. A first report of efficacy was made for the activation of Toll-like Receptor (TLR) 3 by poly (I:C) in the transgenic mouse model [START_REF] Uprichard | Transcriptional and posttranscriptional control of hepatitis B virus gene expression[END_REF] and followed by the identification of an antiviral effect of the activation of other TLRs (notably TLR2, TLR4, 5, 7 and 9) [START_REF] Isogawa | Toll-like receptor signaling inhibits hepatitis B virus replication in vivo[END_REF][START_REF] Zhang | Preclinical development of TLR ligands as drugs for the treatment of chronic viral infections[END_REF]. In parallel to TLR activation, stimulation of intracellular RIG-I like receptors (RLRs) was also seen to have an inhibitory effect on HBV replication.

Killing the infected cell

To establish and maintain a chronic infection, HBV has evolved various strategies to evade the host innate and adaptive immune responses [START_REF] Ait-Goughoulte | Innate antiviral immune responses to hepatitis B virus[END_REF][START_REF] Bertoletti | Innate and adaptive immune responses in chronic hepatitis B virus infections: towards restoration of immune control of viral infection[END_REF][START_REF] Dandri | New insight in the pathobiology of hepatitis B virus infection[END_REF]Ferrari, 2015;[START_REF] Tan | Immune Response in Hepatitis B Virus Infection[END_REF]. Several HBV proteins, including those expressed within the infected hepatocytes (e.g. HBx, HBV polymerase) or the HBV antigens released in the bloodstream (i.e. HBsAg and HBeAg), have been shown or proposed to bear immune-modulatory functions within infected hepatocytes or the liver micro-environment, with subsequently a lack of immune cell cross-talk and antigen presentation, as well as a general HBV-specific T cell exhaustion [START_REF] Ait-Goughoulte | Innate antiviral immune responses to hepatitis B virus[END_REF][START_REF] Bertoletti | Innate and adaptive immune responses in chronic hepatitis B virus infections: towards restoration of immune control of viral infection[END_REF][START_REF] Dandri | New insight in the pathobiology of hepatitis B virus infection[END_REF]Ferrari, 2015;[START_REF] Tan | Immune Response in Hepatitis B Virus Infection[END_REF]. To restore/favour an immune control of the virus, virus-mediated inhibitory mechanisms would have to be defeated/unlocked in an interventional therapeutic perspective.

Several strategies are being developed to modulate acquired immune response, namely PD-1 blockage by the administration of monoclonal antibodies, aiming for restoration of Tcell function and therapeutic vaccines, either antigen-or DNA-based are undergoing clinical development [START_REF] Koumbi | Current and future antiviral drug therapies of hepatitis B chronic infection[END_REF][START_REF] Zeisel | Towards an HBV cure: state-of-the-art and unresolved questions--report of the ANRS workshop on HBV cure[END_REF]. 

C CHAPTER II: RESEARCH PROJECT I. Hypothesis and objectives

Despite the existence of an effective vaccine, hepatitis B and its consequences, cirrhosis and hepatocellular carcinoma, remain a major global health issue. Current available therapies allow viral replication control but are not able to fully eliminate the infection, because of the covalently closed circular DNA (cccDNA) persistence in the nucleus of infected hepatocytes. Indeed, after infection of hepatocyte by the hepatitis B virus, the partially double-stranded viral genome, in the form of a relaxed circular DNA (rcDNA), is transported to the nucleus, where is then be transformed in cccDNA, in order to play a role of viral replication template, but also of reservoir. These treatments should therefore be administered permanently, since an interruption is almost universally followed by viral reactivation. The disappearance of the intrahepatic cccDNA reservoir is therefore the main issue for the development of future therapies. It is then necessary to find new targets allowing the total eradication of the infection, via the elimination or the transcriptional inactivation of cccDNA.

cccDNA is comparable to a viral minichromosome, and serves as a template for the transcription of the viral RNAs. As an episomal minichromosome, cccDNA is composed of histones and nonhistone viral and cellular proteins, which confer to HBV cccDNA, its stability and integrity. As cellular DNA, HBV minichromosome transcriptional activity can be modulated by epigenetic modifications such as post-translational modifications (PTMs) of the histones, and other proteins, but also DNA methylation [START_REF] Jain | Comprehensive DNA methylation analysis of hepatitis B virus genome in infected liver tissues[END_REF], or microRNAs [START_REF] Huang | MicroRNA miR-204 and miR-1236 inhibit hepatitis B virus replication via two different mechanisms[END_REF]. Viral proteins also play a major role in cccDNA stability and activity. On one hand, the viral regulatory protein, HBx, has been shown to activate HBV transcription. Indeed, by interacting with DDB1 (DNA damage-binding protein 1), HBx recruits the cullin ubiquitin ligase (CRL4) complex, to degradate the complex Smc5/6 (structural maintenance of chromosomes), a restriction factor of HBV cccDNA (Decorsière et al., 2016). In absence of HBx, hyperacetylation of cccDNA-bound histones by p300 is strongly impaired, and on contrary, deacetylases such as HDAC1 and SIRT1 are rectruited to cccDNA [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF]. On the other hand, the capsid protein, entering the nucleus together with the rcDNA is a structural component of the cccDNA, as it binds preferencially to HBV double-stranded DNA, resulting in a reduction of the nucleosomal spacing by 10% (Bock, 2001).

Upon entry into hepatocytes, the partially double stranded viral DNA is released in the nucleus, where it is repaired and wrapped up by host histone proteins to form this episomal chromatinized structure.

In the context of a minichromosome epigenetically regulated, of which the steps of establishment are ill defined, the objectives of our laboratory is to study the interaction of HBV with the host cell machinery, to better understand the mechanisms behind the formation and regulation of cccDNA, using relevant cell models. Indeed, cccDNA research over the years has been hampered by the lack of appropriate infection models, with cell lines producing almost traceable cccDNA levels, difficult to detect, due to the specificity needed to quantify only cccDNA and no other DNA intermediate.

Recently, studies have shown that the conversion from rcDNA to cccDNA could be performed by exploiting host DNA damage response. Indeed, Königer et al., showed that tyrosyl-DNAphosphodiesterase 2 (TDP2), a DNA repair enzyme that removes covalent interactants from DNA, was able to remove the polymerase from the rcDNA. The steps leading to the conversion of rcDNA to cccDNA include other evidences of an interaction of the hepatitis B virus with the host machinery, such as the completion of the positive strand by POLκ. However, little is known about the interaction between the rcDNA and the host cellular machinery, and the mechanisms behind the assembly and stability of the cccDNA remain poorly understood.

Based on the observations from the group of [START_REF] Wang | Serum hepatitis B virus RNA is encapsidated pregenome RNA that may be associated with persistence of viral infection and rebound[END_REF], showing that histones could be loaded very rapidly onto retroviral DNA after nuclear entry, and from Rai (2017) The mechanisms leading to cccDNA formation and chromatinization are still largely unknown and their elucidation would be a first step toward the identification of new therapeutic targets to impair cccDNA persistence.

To this aim, we investigated the role of host factors belonging to DNA repair and nucleosome assembly pathways in cccDNA formation at early time points (i.e. between 30 minutes and 72 hours) post-infection in both HepG2-NTCP cell line and primary human hepatocytes (PHH). We particularly focused on the histone chaperone Hira, which is known to deposit histone variant 3.3 (H3.3) onto cellular DNA in a replication-independent manner and in association to nucleosome reshuffling during transcription and DNA repair. We were able to detect cccDNA in the nuclear fraction of hepatocytes as early as 2 hours and 24h post-infection, by real-time qPCR (qPCR) and Southern Blotting (SB), respectively. Knock-out of Hira by RNA interference before virus inoculation led to a strong decrease in cccDNA accumulation (both in qPCR and SB) which was independent from HBx protein expression (using an HBx-defective virus). rcDNA levels remained stable, indicating either a possible incomplete or delayed rcDNA to cccDNA transition.

Chromatin Immunoprecipitation analysis showed that Hira was bound to cccDNA already at 2h post-infection and that its recruitment was concomitant with the deposition of histone H3.3

and the binding of HBV capsid protein (HBc). Histone H3.3 showed a second wave of exponential binding beginning from 12h and still increasing at 72h post-infection, concomitant with the beginning of HBV RNAs transcription. By co-immunoprecipitation and Proximity Ligation assay experiments, we showed that Hira was able to interact with HBc in infected hepatocytes and in an HepaRG cell line expressing HBc in an inducible manner.

Altogether, our results suggest that chromatinization of incoming viral DNA is a very early event, requiring the histone chaperone Hira. While HBx is not required for this process, the interaction between Hira and HBc could represent a new therapeutic target to be investigated.

Introduction

Hepatitis B virus (HBV) causes a chronic infection which affects more than 250 million people in the world and is associated to an increased risk of developing severe liver disease, including liver cirrhosis and hepatocellular carcinoma (HCC) (Trepo et al., 2014), the second cause of cancer death worldwide. Therefore, despite the existence of a prophylactic vaccine, HBV remains a global health burden and is classified as the second carcinogen agent in the world, after tobacco (WHO 2017). HBV belongs to the Hepadnaviridae family of hepatotropic small enveloped DNA viruses, but it could be assimilated to a pararetrovirus, since it requires a mandatory nuclear phase with an RNA intermediate for its replication (Seeger et al., 2015).

Infectious virions contain a partially double-stranded relaxed circular (rc)DNA covalently associated with the viral polymerase protein (Seeger et al., 2015). To be transcriptionally active, rcDNA has to be converted into a covalently closed circular (ccc)DNA episome in the nucleus of infected hepatocytes. cccDNA represents not only the unique transcriptional template for viral replication, but also a long-lived repository for the viral genetic information, responsible for viral persistence in infected cells (Nassal, 2015). Upon infection, the naked nucleocapsids are delivered to the nucleus to release the rcDNA, together with viral Core protein, into the nucleoplasm, where cccDNA is formed. Wrapped around nucleosomes as a veritable minichromosome, cccDNA serves as the template for cellular RNA polymerase II-mediated synthesis of viral transcripts. One of them, the so-called pregenomic (pg)RNA constitutes the substrate for reverse transcription into new rcDNA by the viral polymerase into newly assembled nucleocapsids in the cytoplasm (Nassal, 2015). These nucleocapsids can be either secreted to form the progeny virus, or recycled to the nucleus to increase the cccDNA pool (Nassal, 2015). Current antiviral therapies are able to control the infection but not to eliminate it, since they not target directly cccDNA, but the reverse transcription step of viral lifecycle (Menéndez-Arias et al., 2014). Since even in long-term treated patients the supply of cccDNA by new rcDNA seems not to be entirely blocked (Boyd et al., 2016), life-long treatments are needed to keep viral replication under control (Lai et al., 2017). Indeed, a few copies of cccDNA are enough to reactivate a full-blown infection upon loss of viral therapeutic and/or immune control. Therefore, elimination of cccDNA reservoir from infected liver remains the utmost goal for curing chronic hepatitis B.

Protein-priming of pgRNA reverse transcription confers to rcDNA peculiar molecular features that need to be overcome by a number of well-orchestrated biological reactions to convert rcDNA into cccDNA (Nassal, 2015;Gomez-Moreno and Garaigorta, 2017). This multistep process evokes characteristics that could be ascribed to DNA repair pathways and comprises at least i) the removal of the covalently attached viral polymerase protein and the associated terminal redundancy sequence located at the 5' end of the minus strand DNA; ii) removal of the small RNA oligomer attached to the 5' end of the plus-strand DNA; iii) filling-in of the gap in the plus-strand DNA; iv) ligation of nicks on both strands; v) association to host histones to build a chromatin structure (Nassal, 2015). Indeed, recent evidence has indicated the involvement of DNA repair factors in rcDNA to cccDNA conversion. For instance, tyrosyl-DNA phosphodiesterase-2 (TDP2) would be one of the enzymes involved in the release of the viral polymerase from the 5' end of minus-strand DNA in vitro (Königer, 2014). From a screening of different cellular DNA polymerases, one of the translesion DNA polymerase, POLK, was identified as a key enzyme responsible for cccDNA formation during de novo HBV infection (Qi et al., 2016). Finally, Flap 1 endonuclease (FEN1) has been demonstrated to be able to cut the flap-like structures formed by the terminal redundancy and RNA oligomer on the rcDNA (Kitamura et al., 2018).

Unlikely other viruses packaging their DNA genomes already as histone-associated minichromosomes (Saper et al., 2013), HBV rcDNA enters the host cell nucleus accompanied by the viral core protein, but devoid of nucleosomes and must divert host cell machinery to build up its chromatin structure. The histone regulator A (HIRA) chaperone complex deposits the histone variant H3.3 in a DNA replication independent manner and it is targeted non-specifically to naked DNA where it is thought to deposit histone H3.3 through a so-called nucleosome "gapfilling" function (Ray-Gallet et al., 2011). HIRA complex also plays a role in DNA repair, as it helps restoring the transcriptional activity after repair, by bookmarking the chromatin during the first steps of DNA damage detection and processing (Adam et al., 2013). Recently, HIRA has been shown to be involved in the deposition of H3.3 onto foreign Herpes Simplex Virus (HSV) and

Cytomegalovirus (CMV) genomes to establish a chromatin repressive status in order to elicit a proper innate immune response against the viruses (Rai et al., 2017). Futhermore, RPA70

subunit was shown to interact with HIRA to regulate H3.3 deposition (Zhang et al., 2017).

The heterotrimeric replication protein A (RPA) complex and is an important factor in DNA damage response, since it binds to DNA breaks regions to protect single strand DNA generated from "trimming" of free ends around the lesion (Wold, 1997).

In this work, we describe that HIRA is able to interact with cccDNA and to deposit histone variant H3.3 very shortly after HBV infection in association to the viral core protein. Depletion of HIRA results in reduced levels of fully chromatinized cccDNA, which are restored by exogenous HIRA trans-complementation. Altogether, we provide evidence that HIRA represents a key host factor for cccDNA chromatin assembly, and its interaction with the viral capsid protein is essential for cccDNA chromatinization. This new insight may contribute to a better understanding of the mechanism of viral persistence.

Materials &Methods

Production of wild-type and mutated HBV viral inoculum

HBV inoculum was prepared from HepAD38 (Ladner et al., 1997) supernatants by polyethylene-glycol-MW-8000 (PEG8000, SIGMA) precipitation (8% final) as previously described (Luangsay et al., 2016). Viral stock with a titer reaching at least 1x10 10 vge/mL was tested endotoxin free.

We also produced HBV virion particles containing genomic DNA with a stop codon at the 1st codon (M) of the core gene open reading frame, designated as HBV-ΔHBc. This was achieved by co-transfection of HepG2-NTCP cells with plasmid containing 1.05-mer HBV DNA with the desired mutation and doxycycline inducible plasmid expressing HBV core protein. HBV-ΔHBc inoculum was prepared as wild-type HBV.

Cell culture, HBV infection and analysis of viral parameters during replication

HepG2-NTCP cells were seeded at 10 spanning the nick in the HBV rcDNA and hybridizing to its "gap region"(see table 2).

Total RNA was extracted from infected cells using NucleoSpin® RNA kit (Macherey-Nagel) and retro-transcribed into cDNA using SuperScript III reverse transcriptase according to manufacturer's instructions (Invitrogen, Carlsbad, USA). Real-time PCR for total HBV DNA and cccDNA was performed using an Applied QuantStudio 7 machine and TaqMan Advanced Fast

Master Mix or SYBR Green Master Mix (see primers and probes below, table 2). 

Target

BrdU treatment

Cells were treated with 20 μM BrdU (Sigma) 24h hours before infection and during viral inoculation.

siRNA transfection siRNA (Individual: ON-TARGETplus HIRA siRNA ; ON-TARGETplus LUC siRNA, Dharmacon) (Table 1) for Hira and for HIRA mutated in 9-11 position (negative control) (10nM) were transfected in HepG2-NTCP cells and PHH before infection, using Lipofectamine RNAiMAX (ThermoFisher), following manufacturer's protocol.

Target Name Sequence

ON-TARGETplus Hira siHira GGAUAACACUGUCGUCAUC ON-TARGETplus 9-11 HIRA Si9.11 GGAUAACAGACUCGUCAUC Table 1: ON-TARGETplus siRNA sequences

HIRA overexpression

pEYFP-N1-HIRA was transfected in HepG2-NTCP cells and PHH 8 hours before doing the infection the day of the infection, using TransIT-2020 (Mirus Bio LLC), following manufacturer's protocol.

Cytotoxicity assays

Neutral red uptake assay and sulforhodamine staining were performed to assess cell viability after siRNA transfection and HIRA overexpression.

For the neutral red uptake assay, the protocol was adapted from Repetto et al., (2008) After adding 0.3 mL/cm2 of pre-warmed neutral red solution (40 μg/mL) diluted in complete culture medium containing DMSO, cells were incubated for 1 h at 37 °C, 5% CO2. Neutral red was then removed, cells washed with PBS, and destained with 0.5 mL/cm2 of 50% absolute ethanol, 49% deionized water and 1% glacial acetic acid. After homogenization and transfer in a 96well plate, optical density was measured at 540 nm.

After neutral red uptake assay, cells were washed three times with deionized water, dried, and proceeded with sulforhodamine staining. The staining protocol was adapted from Vichai & Kirtikara (Vichai and Kirtikara, 2006). After addition of 0.1 mL/cm2 of sulforhodamine B (SRB) solution, cells were incubated during 5 min at room temperature. Then, SRB solution was removed, and cells were rapidly washed three times with 0.3 mL/cm2 of 1% acetic acid solution and completely dried at 37°C. Finally, 0.3 mL/cm2 of 10 mM Tris solution (pH 10.5)

were added into each well and shaken during 5 min. After homogenization and transfer in a 96-well plate, optical density was measured at 490 nm.

Hirt extraction and Southern Blot analysis

DNA was extracted following a modified Hirt procedure (Hirt B. 1967;Lucifora et al., 2017). 90 ug of DNA were subjected to Southern blot analyses using a mix of DIG-labeled probes (synthesized using primers listed below and the "PCR DIG probe synthesis kit" (Roche)), an AP Immunoprecipitated DNA was extracted and quantified by qPCR using cccDNA specific primers (see table 2). Samples were normalized to input DNA using the ΔCt method were ΔCt = Ct (input) -Ct (immunoprecipitation) and calculated as percentage of the input.

Sequential Chromatin Immunoprecipitation

Sequential ChIP experiments were carried out on infected cells at the indicated time points (from 30 minutes to 72 hours) post-infection. Cells were processed as for ChIP experiment until the overnight immunoprecipitation. Immune complexes were, then, incubated 2h with protein G agarose beads at 4 °C, washed and eluted in 10 mM DTT. Immunoprecipitated DNA was then exposed to overnight immunoprecipitation at 4 °C using 2-5 μg of antibodies in Re-ChIP buffer (1% Triton X-100; 2mM EDTA; 150 mM NaCl; 20 mM Tris-HCl pH 8). Immune complexes were, then, processed the same way as for a usual chromatin immunoprecipitation previously detailed.

Cell cycle analysis by flow cytometry

Cells have been washed with PBS-EDTA, centrifuged, and resuspended in PBS-EDTA. 100%

Ethanol has been slowly added. Cells have then been centrifuged at 4°C and washed twice in PBS-EDTA. Finally, the pellet has been resuspended and incubated for 5 minutes at room temperature, in a solution containing RNAse A (20μg/μl) and propidium iodide (10 μg/μl) diluted in PBS-EDTA. Cells have then been analysed by flow cytometry (BD FACScalibur™ -Biosciences)

Western Blotting

Cells were lysed in RIPA buffer supplemented with PIC 1X and PMSF 1X. Proteins were migrated in 4-20% mini-PROTEAN @ TGX stain-Free TM Precast Gel (Bio-Rab Laboratories) and transferred onto a nitrocellulose membrane (Bio-Rab Laboratories). Blots were blocked 1 hour with 5% milk in TBS (1 x Tris Buffered Saline (Sigma)) and stained with primary antibody in blocking buffer overnight at 4 °C (Hira 1:500, HBc 1:500). After primary antibody incubation, blots were washed 3X with TBST (1× TBS with 0.1% Tween 20) , stained with HRP-conjugated secondary antibodies for 1 hour at room temperature and washed again 3 times with TBST.

Detection occurred using Biorad Clarity Western ECL and the ChemiDoc XRS system (Biorad).

Protein co-immunoprecipitation

Protein co-immunoprecipitation experiments were carried out on HepaRG-TR-HBc (inducible for HBc by doxycycline treatment (10μg/ml)) induced cells. Nuclear extraction and antibody incubation was performed as for ChIP experiments. Immune complexes were then incubated 2h with protein G agarose beads at 4 °C, washed, and eluted in 2X laemmli buffer (65.8 mM Tris-HCl, pH 6.8, 2.1% SDS, 26.3% (w/v) glycerol, 0.01% bromophenol blue) to release and denature the proteins. 1/10 of cell lysate, serving as input condition, was incubated with 6X laemmli buffer and subjected to western blotting analysis with immunoprecipitated samples, as previously detailed.

Immunofluorescence (IF)

Cells were fixed with 4% PFA (Paraformaldehyde) and washed with PBS 1X (phosphate buffered saline). After permeabilization in 0.5% Triton, the cells were blocked with 3% BSA and then incubated with HIRA, PML and HBs antibody (dilution 1:100) overnight. The next day, the cells were incubated with secondary antibody anti-Rabbit IgG Alexa Fluor®(488/555/594/647), (Invitrogen, dilution 1:1000). Images were acquired with the confocal microscope zeiss LSM 780 NLO.

Proximity Ligation Assay

Proximity ligation assay (PLA) was performed on HepG2-NTCP infected cells according to manufacturer's instructions (DUO92014 Duolink®, DUO92004 Duolink®, DUO92002 Duolink®, and DUO82040 Duolink®). Briefly, after fixation by 4% PFA 30 minutes at RT, and quenching by 1M glycine, cells were permeabilized for 30 minutes at RT with PBS-Triton 0.3%, and then blocked 30 minutes at 37°C with blocking buffer. Cells were incubated with the two primary antibodies overnight at 4°C. PLA probes were diluted and added to the coverslips for 1 hour at 37°C. After a ligation of 30 minutes at 37°C, the amplification was performed during 100 minutes at 37°C. Finally, coverslips were mounted onto slips with Mounting Medium with DAPI. Images were acquired with the confocal microscope zeiss LSM 780 NLO.

Antibodies

ChIP and Co-immunoprecipitation experiments were performed using the following antibodies: 

Results

Nucleosomal loading on cccDNA occurs rapidly after viral infection

To specifically enrich for viral episomal genome in the nucleus of infected hepatocytes, we performed a modified Hirt extraction procedure that allows to specifically select for proteinfree forms, i.e. already deprived of the covalently attached viral polymerase (Lucifora et al., 2017). These viral genome population consists of a mixture of at least three distinct rcDNA species, one with both strands remaining open, another with a covalently closed minus strand, and the double strand covalently closed cccDNA (Guo et al., 2007;Luo et al., 2017). cccDNA can be distinguished from the other species by Southern Blotting analysis thanks to the difference in electrophoresis mobility (Figure 1A and Supplementary Figure 1). The incoming viral genome is mostly composed by the first two species (Supplementary Figure 1, 12h postinfection), while cccDNA appears afterwards (16h post-infection). Interestingly, PF-rcDNA decreases in parallel to cccDNA increase, indicating that it could represent the source for cccDNA formation (Figure 1A). Consistently, using the more sensitive real time qPCR, cccDNA was detectable at already 30 minutes post-infection and its quantity increased beginning from 12h post-infection (Figure 1B). The levels of intracellular 3.5kb HBV RNA (Fig 1C), as well as total intracellular HBV RNAs (Figure 1D) exponentially increased from 24 hours post-infection, indicating the beginning of cccDNA transcriptional activity. Quantification of total HBV DNA (tHBV DNA), detecting PF-rcDNA delivered by incoming virions, cccDNA and replicative intermediates generated by pgRNA reverse transcription showed a basal level due to the input virions entering the cells which decreased until 72h hours, followed by an exponential increase designating the beginning of active viral replication (Figure 1E). Therefore, between 30 minutes to 72h post-infection, incoming PF-rcDNA is converted into the first population of nucleosome-associated cccDNA molecules. This cccDNA pool is, then, amplified thanks to active pgRNA transcription followed by conversion to new rcDNA.

HIRA is required for full cccDNA chromatinization in de novo infected cells

We investigated the contribution of the histone chaperone complex HIRA in histone deposition on incoming HBV genome within the first 72h hours post-infection in HepG2-NTCP cells. To this purpose, we set up an HIRA siRNA assays consisting of two different siRNA transfections (Figure 2A) allowing to achieve a significant reduction of HIRA expression, both at the mRNA and protein level (Figure 2B), without any significant effects on cell viability and NTCP expression (Supplementary Figure 2). HBV infection was performed 48 hours after the second transfection, when more than 70% of HIRA protein was downregulated (Figure 2B).

The levels of cccDNA were assessed by qPCR and Southern blotting analysis at day 2 postinfection showing a sharp decrease in HIRA silenced cells compared to controls (Figure 2C).

Conversely, HIRA knockdown did not affect the levels of PF-rcDNA, suggesting that HIRA was not involved neither in viral entry nor in the processes preceding cccDNA supercoiling (Figure 2C, right panel).

To further confirm the involvement of HIRA in HBV cccDNA establishment, we rescued HIRA expression after silencing in HepG2-NTCP cells by transfecting the pEYFP-N1-HIRA construct 8h before HBV infection (Figure 2D). Analysis of HIRA expression by both qRT-PCR and Western

Blotting, confirmed the restoration of its levels both at the mRNA and protein level (Figure 2E). In parallel, cccDNA amount evaluated by Southern blot and qPCR and went back to the level of non-silenced controls (Figure 2F).

HIRA and histone variant H3.3 rapidly associate to the incoming HBV genome

We then investigated if HIRA and histone H3.3 were found associated to nascent cccDNA.

cccDNA-ChIP experiments showed that both HIRA and H3.3 were associated to cccDNA at all time points investigated (Figure 3A, left and middle panel). This binding was not correlated to any significant modulation of HIRA expression or localization or variation in cell cycle phase in infected cells compared to un-infected ones (Supplementary Figure 3). If HIRA binding to cccDNA seemed to be stable over time, H3.3 recruitment to cccDNA increased from 24h after infection. At the same time, RNA Pol II was also found associated to cccDNA (Figure 3A, right panel). The kinetic of RNA Pol II binding correlated with the appearance of the 3.5kb RNAs and total HBV RNAs (Figure 1), suggesting that HIRA/H3.3 might play a role both in the establishment of the cccDNA pool and also in its transcriptional activity. In an attempt to define the kinetics of H3.3 incorporation by HIRA during the rcDNA to cccDNA conversion, we investigated the kinetic of incorporation of BRdU and the recruitment of RPA70 to cccDNA.

Since rcDNA to cccDNA conversion is thought to involve host cell DNA repair pathways and the activity of POLK for the completion of plus-strand and ligation of both strands (Schreiner et al., 2017), we treated HepG2-NTCP cells with BrdU before and during virus inoculation and then performed ChIP analysis using a BrdU-specific antibody to detect new nucleotides incorporation into cccDNA. As shown in Figure 3B, left panel, no significant BrdU incorporation is found between 30 minutes and 12h, corresponding to the initial phase of cccDNA formation from incoming HBV genome. On the contrary, BrdU incorporation increases concomitantly to the beginning of transcription and synthesis of new rcDNA. Interestingly, we found that RPA70, was recruited to cccDNA only from 30 minutes to 12h to come back again at 72h, when newly synthesized rcDNA could be recycled to the nucleus to be converted into cccDNA (Figure 3B, middle panel). Altogether, these ChIP data suggest that histone deposition occurs on a cccDNA precursor which has both DNA strands completed but at least one of them not ligated, which corresponds to the main PF-rcDNA species found in the nucleus of infected cells (Guo et al., 2007;Luo et al., 2017). To further confirm this hypothesis, immunoprecipitated DNA in Figure 3A and B was also amplified with primers located in a HBV double stranded region common to PF-rcDNA and cccDNA. The analysis showed no differences in % of immunoprecipitated HBV DNA respect to cccDNA, thus confirming that the immunoprecipitated material is mostly constituted by HBV DNA with complete strands (data not shown).

HBV X protein expression is not required for HIRA recruitment on nascent cccDNA

Viral HBx protein plays a fundamental role for the full transcriptional activity of established cccDNA since infection with an HBx-deficient virus is able to originate cccDNA, but transcriptionally inactive (Lucifora et al., 2011;Decorsière et al., 2016;Murphy et al., 2016).

However, recent data suggested that HBx RNA is contained in HBV virions and that it enters the cells together with the viral genome (Niu et al., 2017). Therefore we decided to investigate a putative role of an early translated HBx protein in cccDNA histone deposition and HIRA recruitment. To this aim, we performed viral infection with an HBx-defective virus. ChIP experiments showed that HIRA and H3.3 continued to be recruited to cccDNA in the absence of HBx (Figure 4A) and that siRNA against HIRA decreased cccDNA levels irrespectively of the presence of HBx (Figure 4B).

HBV core protein interacts with both cccDNA and HIRA shortly after infection

HBV core protein (HBc) is the component of viral nucleocapsids and it has been shown to enter the nucleus together with the HBV genome upon de novo infection and intracellular capsid recycling (Galluci and Kann, 2017). Nonetheless, its role in cccDNA formation, if any, remains to be elucidated. Firstly, we investigated the kinetics of HBc binding to cccDNA (Figure 5A).

ChIP experiments demonstrated that HBc bound to cccDNA at all time points investigated.

Moreover, sequential ChIP experiments indicated that HBc and HIRA could bind to the same cccDNA molecule 24h post-infection (Figure 5B). High proximity between the two proteins was confirmed by PLA experiments in HBV-infected cells 24h post-infection (Figure 5C). HIRA coimmunoprecipitated with HBc in an HepaRG cell line overexpressing HBc in and inducible manner, suggesting that the two proteins are able to associate also in the absence of viral genome (Figure 5D).

HBc neosynthesis is not required for histone deposition on cccDNA

Since HBc is the structural component of viral nucleocapsids, it is impossible to perform HBV infection without delivering also the HBc protein. We performed infection with an HBcdeficient virus (See materials and Methods for details). The HBc-deficient virus was able to generate cccDNA (Figure 6A). ChIP experiments were performed onto HepG2-NTCP cells infected with wild-type and HBc-deficient HBV at 4 and 24 hours post-infection showing no significant differences in HBc, HIRA and H3.3 compared to wild-type virus (Figure 6B). These data suggest that the capsid protein delivered by the incoming virions in the nucleus of infected cells is essential for the assembly of HBV minichromosome.

Discussion

cccDNA is the key molecule of HBV lifecycle, representing the unique template for viral replication (Nassal, 2015) and being responsible for viral persistence in infected hepatocytes (Seeger et al., 2015). Current antiviral therapies are not able to attain a significant decline of its intrahepatic levels, thus requiring to life-long regimens to avoid viral rebound. As a consequence, new antiviral strategies aiming at eradicating or definitely silencing the HBV minichromosome are warranted. cccDNA is formed in the nucleus of infected hepatocytes from the PF-rcDNA precursor through a number of molecular steps which must be tunely orchestrated to generate a fully closed circular DNA associated with a dynamic chromatin structure modulating its transcriptional activity.

In this work, we focused on the histone deposition on cccDNA very early after infection. We demonstrated that the histone variant H3.3 and its histone chaperone HIRA are associated to cccDNA as early as it is detectable by qPCR. Knock-down of HIRA at the moment of viral entry severely affects the appearance of HBV genome supercoiling form on Southern Blotting, thus suggesting an impaired association of cccDNA precursors to histones and nucleosomes. Our results indicate that the substrate precursor for histone deposition would be represented by PF-rcDNA having both plus and minus strands completed but not ligated. The break into the DNA strand, evoking a target of DNA repair machinery, would represent a docking site for HIRA recruitment and subsequent histone deposition coupled to DNA repair. We also observed that RPA complex binds to cccDNA in the early phases of infection and we cannot exclude an involvement of RPA in the recognition of ssDNA in the region surrounding the "lesion" on PF-rcDNA. This recognition could mediate HIRA association to HBV genome (Zhang et al., 2017).

Differently from Rai et al., we did not see any specific HIRA relocalization to PML bodies following viral infection (Rai et al., 2017) either in HepG2-NTCP cells or in primary human hepatocytes. Moreover, HIRA binding to cccDNA does not result in repression of its activity, on the contrary, it is essential to the fully establishment of HBV minichromosome and participates to its transcription at later time points (data not shown). Therefore, our data clearly highlight a completely different role of HIRA complex and H3.3 deposition during HBV infection compared to other DNA episomal viruses as HSV and CMV. We can speculate that this difference relies on the fact that HBV genome, unlike HSV and CMV, arrives naked of nucleosomes in the host cell and only a few copies, one or two, of cccDNA are established in the nucleus of infected cells, without apparently significantly perturbing host cell immune response (Niu et al., 2017).

HBx and HBc have been shown to associate to cccDNA to elicit different functions. HBx is the essential transcriptional activation of cccDNA transcription (Lucifora et al., 2011;Decorsière et al., 2016;Murphy et al., 2016), while HBc has a yet not well defined role in cccDNA biology, probably being implicated in its chromatin architecture (Bock et al., 2001), while its role in transcriptional regulation remains to be elucidated. If we could exclude the requirement of HBx for HIRA-dependent histone H3.3 deposition on cccDNA, our data show a possible interaction between HBc and the HIRA complex which would not be necessarily mediated by the viral genome. The importance of this interaction for the recruitment of HIRA complex to cccDNA is to be further investigated, since the HBV infectious model does not allow to get rid of HBc protein constituting the incoming nucleocapsid. However, we could demonstrate that HBc neosynthesis is not required either for cccDNA formation or H3.3 deposition.

Surprisingly enough, we did not see a replacement of HBc protein associated to cccDNA in favor of histone proteins. Indeed, we may have imagined a model in which HBc protein "accompanies" PF-rcDNA into the nucleoplasm to protect it from host cell innate immune response and then is displaced to allow cccDNA wrapping around nucleosomes. Our data clearly show that HBc remains associated to cccDNA at all time points investigated, thus suggesting an additional role for the capsid protein in cccDNA biology remains to be described.

Finally, HBc has been shown to be able to bind to cellular and viral genome due to its argininrich domain (Guo Y et al., 2012) and we could speculate that its interaction with HIRA could be mediating cccDNA chromatin assembly.

In conclusion, we demonstrated an essential role for the HIRA chaperone complex in the deposition of H3. (B) HepG2-NTCP cells were transfected with siHIRA according to the previous timeline (Figure 2A) and inoculated for 16 h with HBV at MOI of 250 vge/cell in the presence of 4% PEG8000.

The cells were harvested for analysis after 2 days. The amounts of cccDNA on 2 dpi were measured by qPCR assays and compared to controls, the transfection reagent, and a siRNA HIRA We next infected the cells with HBV when the siRNA induced extinction was maximal, 48 hours following the second transfection. The levels of cccDNA were assessed by qPCR, and showed a decrease of cccDNA compared to the control conditions, thus indicating that lack of RPA impaired cccDNA establishment (Figure 36 A).

Given that RPA interacts with HIRA to mediate the deposition of the histone variant H3.3 (Zhang et al., 2017), we assessed its presence on cccDNA and explored its appearance and presence Taken together, these data highlight that the assembly of cccDNA minichromosome could require RPA to mediate the recruitment of the host nucleosome assembly complex HIRA/H3.3.

« in tubo » chromatinisation -Supercoiling assay: evaluation of cccDNA establishment kinetics

To investigate the establishment of cccDNA, we set up a supercoiling assay with rcDNA extracted from infectious virions obtained from HepAD38 cells supernatant. This assay allows to observe the kinetics of rcDNA conversion to cccDNA. As presented in figure 37A, supercoiling assay takes place through 3 different steps. At first, the plasmid/DNA used is naked and PRISM server (PRotein Interactions by Structural Matching) is a resource portal for the bioinformatics, and is governed by the Koç University of Istanbul (Turkey) and the COSBI (Computational Systems Biology) group. This server offers computational methods and approaches for large scale structural modelling of protein-protein interactions. PRISM server was used to perform prediction of protein-protein interaction and allowed to uncover 4 different predictive models of HBc/HIRA interaction. Figure 38 represents the interaction with the highest negative potential energy required for the 2 molecules to interact, that has been refined by using QtMG software (CCP4MG). The server includes the tools for predicting interacting structure, interface, and amino acids possible interactions between the two proteins, as listed in figure 39. For example, in the selected model 1, Valine 10 of HIRA could be interacting with Cystein 48 of HBc protein. It should now be investigated if HIRA or HBc mutations performed in those specific residues could prevent their interaction, and thus, the cccDNA chromatinization.

Role of PML bodies in cccDNA establishment

Recently, Rai et al., (2017) have shown that the HIRA histone chaperone complex was involved in the chromatinization of viral DNAs. This study demonstrated that HIRA relocalized to PML nuclear bodies in response to different viral and foreign DNAs, such as HSV-1 and CMV.

Following this relocalization, HIRA could bind interferon stimulated genes promoter, but was not required for their expression. Given the fact that we observed HIRA involvement in cccDNA chromatinization, through binding and deposition of the histone H3.3 onto this viral DNA, we revisited the observations published by Rai et al., in the setting of HBV infection. We thus decided to assess the presence and localization of HIRA in our cell models, in infected cells compared to not infected ones.

In figure 40, representative images obtained after immunostaining of HIRA, PML and HBsAg in non-infected cells (PHH and HepG2-NTCP), or in infected cells, after 72 hours of infection.

PML staining is only nuclear and highly punctuated, for both cell types. HIRA staining is almost uniquely nuclear in HepG2-NTCP, while present in both cytoplasm and nucleus in PHH. Finally, when the two signals are merged, we can observe that HIRA is present to PML bodies in all conditions and cell types, and no relocalization seemed to be induced after infection with HBV (Figure 40).

This result highlights that the assembly of cccDNA minichromosome mediated by the host nucleosome assembly complex HIRA/H3.3 does not induce relocalization of HIRA to PML, and does not also contribute to viral gene silencing and immunity against HBV. This information is strongly supported by several studies demonstrated that HBV does not induce significant interferon response in hepatocytes [START_REF] Suslov | Hepatitis B Virus Does Not Interfere With Innate Immune Responses in the Human Liver[END_REF]Wieland et al., 2005;Luangsay et al., 2015).

Role of chaperones in cccDNA transcriptional activity

Daxx could be involved in cccDNA repression in the absence of HBx protein

Due to its ability to deposit histone variant H3.3 to chromatin [START_REF] Lewis | Daxx is an H3.3-specific histone chaperone and cooperates with ATRX in replication-independent chromatin assembly at telomeres[END_REF], more precisely to heterochromatin and telomeres, we wondered if DAXX histone chaperone could also play a DAXX is also known to be a transcription corepressor, which represses several sumoylated transcription factor, such as PAX3 or ETS1 [START_REF] Lehembre | Regulation of Pax3 transcriptional activity by SUMO-1-modified PML[END_REF][START_REF] Li | EAP1/Daxx interacts with ETS1 and represses transcriptional activation of ETS1 target genes[END_REF]. Knowing this role, we wondered if its binding to cccDNA could be involved in its transcriptional regulation.

We thus performed ChIP experiments with a wild type (WT) and a delta HBx virus (ΔX) deficient for the HBV x protein expression. Compared to the WT virus, the ΔX virus presents a more compacted chromatin, and thus a lower transcriptional activity, and replication [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF]. ChIP experiments going from 2 hours to 7 days post-infection showed a limited binding of DAXX to the WT cccDNA (Figure 41 D). Interestingly, we observed a time dependent increased binding of DAXX to the ΔX virus cccDNA (Figure 41 D).

We hypothesized that DAXX, also known to be a co-repressor of transcriptional activity, could be involved into cccDNA repression in the absence of the viral protein HBx. This effect on HIRA lead to no significant changes onto cccDNA quantity. Nevertheless, pregenomic RNA and total HBV RNA levels appeared impaired by HIRA knock-down.

These preliminary results are suggesting a second role for HIRA concerning cccDNA biology, where HIRA could be involved in the maintenance of cccDNA transcriptional activity.

I IV. Discussion

Hepatitis B virus (HBV) chronically infects 240 millions people worldwide and is the major cause of hepatocellular carcinoma. Current standard-of-care treatments can achieve longterm viral suppression, but are not able to completely eliminate the virus, due to the persistence of the covalently closed circular DNA (cccDNA). HBV genome enters the nucleus of infected hepatocytes, as a partially double stranded naked/non nucleosomal DNA, the so called relaxed circular DNA (rcDNA). To perform its replication, HBV presents a mandatory nuclear phase, in which the rcDNA has to be converted into cccDNA, the unique template for viral transcription. This episome is thus essential for the de novo synthesis of viral RNAs, proteins and virions. In order to be effective, cccDNA needs to be a complete double stranded DNA, loaded with cellular histone and non-histone proteins, forming a viral minichromosome organized around nucleosomes. As cellular chromatin, cccDNA is assembled together with the canonical core histones proteins H2A, H2B, H3, H4 and the linker histone H1 [START_REF] Bock | Hepatitis B virus genome is organized into nucleosomes in the nucleus of the infected cell[END_REF].

However, the mean number of nucleosomes in HBV chromatin is of about 18 per cccDNA, corresponding to a nucleosomal DNA content of 180 base pairs. For cellular chromatin of liver cells, this value has been reported to be of 200 bp (Noll and Kornberg., 1977). This difference of nucleosomal repeat length has already been observed for SV40 minichromosome (Blasquez et al., 1986), and has been explained by the binding of the viral VP1 protein, responsible for chromatin re-arrangement. Concerning HBV cccDNA, viral proteins HBx [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF] and HBc (Bock et al., 2001) have been demonstrated to interact with cccDNA and HBV core protein seemed to be able to rearrange the chromatin architecture by reducing ccccDNA nucleosomal spacing. To achieve its conversion, the rcDNA needs to perform different steps likely involving DNA damage response, as well as nucleosome assembly pathway. Indeed, the different steps required for rcDNA to be converted are (Figure 43):

- During my thesis, I studied the interaction of HBV with the host cell machinery, to better understand the mechanisms behind the formation of cccDNA, using relevant cell models.

Indeed, the research on cccDNA has been hampered by the lack of appropriate infection models, with cell lines producing very low levels of cccDNA and difficulties to specifically quantify cccDNA over the other HBV DNA intermediates. We first focused on the optimization of the infection conditions and the characterization of HBV cccDNA establishment and later on the interactions of HBV cccDNA with the host cell machinery, and particularly with proteins involved in the nucleosome assembly pathway, to better understand the process of histone deposition to cccDNA. In this context, we were able to demonstrate that (Figure 43): i) cccDNA establishment is a very early event in both HepG2-NTCP and PHH infected cells.

ii) The histone chaperone HIRA is involved in the establishment and chromatinization of cccDNA iii) HIRA very rapidly after infection binds to cccDNA to deposit histone H3.3. iv) HBc interacts with both cccDNA and HIRA shortly after infection A number of new questions arise from the identification and characterization of these phenotypes. 

Characteristics of the experimental models

HepG2-NTCP cells have been demonstrated to be a useful model for the study of HBV infection. Those are hepatoma-derived immortalized cells, widely used as a surrogate model for hepatocytes. Nevertheless, they only partially mimic the physiological functions of hepatocytes. Compared to HepG2 or Huh7 cell lines, HepG2-NTCP present the advantage of not lacking the viral entry processes, thus allowing a comprehensive understanding of the full viral cycle, including the early stages of cccDNA establishment after nucleocapsid delivery to the nucleus of infected cells [START_REF] Michailidis | A robust cell culture system supporting the complete life cycle of hepatitis B virus[END_REF]. This model presents several advantages.

Indeed, HepG2-NTCP cells are easily available and simple to culture, present an efficient and robust viral infection, and a high number of cccDNA copies [START_REF] Verrier | Cell Culture Models for the Investigation of Hepatitis B and D Virus Infection[END_REF]. If the HepG2-NTCP model has been widely used to screen for antivirals targeting cell entry, such as Myrcludex B or cyclosporin A, and for the discovery of host factors involved in HBV replication, one clear limitation is their disparity with hepatocytes concerning metabolic properties and functional innate immune sensors and responses [START_REF] Keskinen | Impaired Antiviral Response in Human Hepatoma Cells[END_REF]Luangsay et al., 2015).

This model nevertheless appears robust as recent studies have uncovered a role for cellular proteins, such as FLAP endonuclease-1 (Kitamura et al., 2018) in cccDNA establishment and to confirm those results in the most relevant model existing to date, primary human hepatocytes.

For this study, we were able to repeat the results observed in PHH, validating both the concept, and the HepG2-NTCP cells relevance for the study of early steps of HBV life cycle.

Developing therapeutics against chronic HBV infection requires better understanding of the contribution of intracellular cccDNA amplification in the maintenance of persistent infection, and further investigation of the activity and regulation of this pathway in in vivo (murine model), would therefore be required. However, HepG2-NTCP cells represent a breakthrough model for the assessment of cccDNA physiology and for the development of cccDNA targeting drugs.

Why a chromatinized genome?

As mentioned in the introduction, many viruses are known to be chromatinized after their entrance in the nucleus. Indeed, for a virus present in the nucleus, interactions with chromatin are inavoidable. However, the specific role of chromatin is dependent on the type of infection (acute, persistent, latent...). Some viruses, interact with chromatin components to evade the host-cell DNA damage response and immunity, such as KSHV from the gammaherpesviruses family, the Epstein-Barr virus, or the human papilloma virus (Lieberman, 2012). However, contrary to HBV, those viruses are undergoing a latent cycle. During a latent infection, the viral genome is replicated in conjunction with host DNA, but the expression of viral genes is absent.

Two main hypotheses can be formulated concerning the chromosomal formation in viruses, which are not mutually exclusive:

Either the genome of those viruses could be sensed by the immune system, triggering their need to « hide » in the nucleus, in shape of human chromatin.

Either those viruses are restrained by an anti-viral response, leading to their rapid chromatinization, followed by the appearance of heterochromatin marks on their epigenome.

Naturally, for cccDNA, the first hypothesis appears as the one being the most likely to happen, considering that HBV does not seem to induce any immediate immune response after infecting the cells (Wieland et al., 2004). Nevertheless, it is still unclear whether HBV cannot be recognized, or is just able to actively inhibit the host cell immune response. HIRA can be part of this immune evasion process, by chromatinizing foreign genomes and leading to their transcriptional repression, thus avoiding inhibition of interferon responses as it has been shown for HSV or CMV (Rai et al., 2017). We may wonder if HBV would be actually sensed by the immune system, and if its minichromosome configuration would reflect a response from the host cell to actively inhibit its replication. However, if this would be the case, similarly to latent viruses, the cccDNA chromatin organisation would be in a closed conformation, presenting negative epigenic marks, which is not observed in vitro during infection of hepatocytes, but also in vivo, in infected humanized mice and in non-treated chronic infected patients [START_REF] Pollicino | Hepatitis B virus replication is regulated by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones[END_REF][START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF][START_REF] Belloni | HBx binds in vivo on the HBV minichromosome, modifies the epigenetic regulation of cccDNA function and potentiates HBV replication[END_REF]. We may speculate that the viral HBx and/or HBc proteins could play a role in diverting the host response by counteracting the establishment of a closed chromatin conformation on cccDNA and thus securing its replication. This hypothesis would be supported by the recent findings that HBx expression leads to the degradation of the Smc5/6 complex, which otherwise would restrict HBV replication (Decorsière et al., 2017) and that HBx seems to be required for HBV genome to be associated to host cell nuclear domains gathering actively transcribed interchromosomal regions [START_REF] Henikoff | Episomal HBV persistence within transcribed host nuclear chromatin compartments involves HBx[END_REF].

Features of HBV cccDNA establishment

During my thesis, I was able to show that cccDNA establishment is a very early event (around 30 min post infection) and that the conversion from rcDNA to cccDNA was mediated, at least partially, by histone chaperones, and particularly, histone chaperone HIRA (manuscript in preparation).

New questions arise from the identification and characterization of the participation of HIRA into the establishment of cccDNA.

What is the role of cellular components during cccDNA establishment?

Role of HIRA During my PhD project, I demonstrated that cccDNA was established rapidly being specifically detectable 30 minutes after infection by qPCR analysis, and 16 hours after infection by Southern blot analysis. As previously described in Primary Human Hepatocytes (Niu et al., 2017), we were able to confirm the initiation of the transcription of HBV after 24 hours of infection in the HepG2-NTCP model. In this HepG2-NTCP model, we observed chaperone proteins and their interaction with cccDNA formation. In particular, we observed that the knock-down of HIRA expression led to a strong decrease of cccDNA levels (analyzed both by qPCR and Southern Blot), highlighting the importance of HIRA in the establishment of HBV cccDNA. These results should now be confirmed in cells completely lacking the expression of HIRA (CRISPR/Cas9 approach for instance). Furthermore, it has been shown that HIRA is able to counterbalance an impaired histone deposition by CAF-1 histone chaperone, despite the fact that both are deposing different histone H3 variants.

Here, we cannot exclude a similar effect of compensation through CAF-1 histone chaperone, but also through DAXX, as it is known to also deposit histone H3.3. DAXX role in HBV minichromosome establishment and maintenance will be discussed later.

As we observed a decrease of cccDNA amounts after infection when HIRA was knockeddown, we hypothesised that either cccDNA formation is delayed, or that non-chromatinized cccDNA is degraded after being recognized by host-immune response. To observe this, long term experiment should be established. As silencing is highly transient in HepG2-NTCP cells, different methods must be adopted and to that aim, CRISPR/Cas9 cells knocked-out for HIRA are currently being developed.

In hepatocytes, several double-stranded DNA sensors are expressed. In the cytoplasm, double-stranded DNA sensor could be involved in rcDNA recognition as it was already described for Ku70 [START_REF] Li | Entry of hepatitis B and hepatitis D virus into hepatocytes: Basic insights and clinical implications[END_REF]. Indeed, if TLR9, a double-stranded DNA sensor, is not expressed in hepatocytes, other DNA sensors highly expressed in the cytoplasm of liver cells, such as DDX3, DHX9 or DHX36 could be involved in rcDNA recognition [START_REF] Faure-Dupuy | Characterization of Pattern Recognition Receptor Expression and Functionality in Liver Primary Cells and Derived Cell Lines[END_REF]. In the nucleus, sensors such as IFI16 could theoritically recognize the rcDNA. To determine if the knock-down of HIRA leads to rcDNA/cccDNA degradation after recognition by the immune system, we could assess if we observed the induction of an interferon response, mediated by those sensors after silencing of HIRA. Finally, rcDNA could be degraded, because of its inability to be repaired and form cccDNA.

HIRA knock-down could thus lead to either accumulation of rcDNA in the nucleus, delay of cccDNA formation, or to degradation of the rcDNA To further explore the involvement of HIRA in HBV DNA chromatinization, experiments with nucleos(t)ide analogues, such as Tenofovir, would allow to discriminate between de novo infection and recycling of cytoplasmic nucleocapsids. Indeed, in the cell model used, recycling of the nucleocapsids can occur, leading to new cccDNA formation. The use of Tenofovir would then impair this phenomenon. This approach would enable to discriminate if HIRA leads to a delay in the formation, or a complete block of the conversion of the incoming rcDNA into cccDNA. Moreover, in this study, we showed that HIRA, and the variant it deposits, histone H3.3, were found on cccDNA rapidly after infection. This is consistent with the study of Wang and its team (2016), showing that histones are rapidly loaded onto retroviral DNA after nuclear entry. An interesting approach would be to assess specifically where HIRA and H3.3 are being found on cccDNA. By realizing ChIP-seq experiments (Tropberger et al., 2015), or specific cccDNA digestions before ChIP experiments, we should be able to accurately map the presence of HIRA on cccDNA regions.

Futhermore, it has been recently demonstrated that HIRA deposits H3.3 to specific regions, such as promoters, enhancers or gene bodies, through its interaction with RPA and an R-loop formation. RPA, or Replication Protein A, is a heterotrimeric complex, consisting of RPA1, RPA2 and RPA3 subunits, which binds single stranded DNA. RPA is mostly known for its role in DNA replication and repair (Zou et al., 2006). In my Supplementary results, I showed that RPA was recruited to cccDNA after already 30 minutes of infection. Results also showed that RPA is interacting with HBc, HIRA and cccDNA. Finally, we demonstrated that the presence of RPA and HIRA on cccDNA was concomitant with DNA completion of the rcDNA.

Finally, chromatin-assembly assay allowed us to uncover a role for RPA in the establishment of cccDNA, as it seemed that rcDNA conversion to cccDNA was not efficient in absence of this protein. We therefore speculated a role of RPA in the detection of DNA damage (i.e. rcDNA), and in the recruitment of HIRA to cccDNA to deposit histone H3.3. The role of HBc in this process remains to be elucidated, and a first approach would be to, in tubo, chromatinize cccDNA, with and without the capsid protein. A first highly probable and important role for HBc in cccDNA establishment is however to bring the genome to the nucleus, as it seems that the loading of histones onto viral DNA would apparently require nuclear entry [START_REF] Wang | Histones Are Rapidly Loaded onto Unintegrated Retroviral DNAs Soon after Nuclear Entry[END_REF].

What is the role of other histone chaperones during cccDNA chromatinization?

Concerning the role of the other histone chaperones, one in particular could hold our attention. Indeed, could DAXX, the other chaperone of the histone variant H3.3, also be involved in cccDNA chromatinization? Contrary to HIRA, DAXX does not possess the ability to recognize, bind and deposit H3.3 onto a naked and non nucleosomal DNA. Nevertheless, as DAXX has already been shown to be involved in HSV-1 latent chromatinization, it could be interesting to assess its involvement in cccDNA establishment by knocking it down prior to HBV infection. Asf1 and the complex CAF-1, due to their ability to be involved in deposition of histone H3.3 and H3.1, could also be implicated in cccDNA repair and chromatinization. Firstly, Asf1 is in close relation with HIRA. Indeed, Asf1 is known to be part of both replication-coupled and replication independent nucleosome assembly pathways, as it regulates the supply of H3

(and its associated variants)/H4 to the CAF complex, and to the H3.3 chaperones, HIRA and DAXX (Horard et al., 2018). Asf1 has been shown to be critically required to load H3.3/H4 dimers on HIRA, and for histone deposition on DNA [START_REF] Fromental-Ramain | The Drosophila DAXX-Like Protein (DLP) Cooperates with ASF1 for H3.3 Deposition and Heterochromatin Formation[END_REF]. One hypothesis would then be that Asf1 could be part of HBV cccDNA chromatinization machinery by supplying H3.3 to the HIRA complex (Horard et al., 2018). Furthermore, as mentioned before, Asf1 is also providing histones supply to the CAF1 complex. CAF1 is, as HIRA, depositing dimers of H3/H4 histones, with the difference that CAF1 deposits only histone H3.1 and H3.2 variants, functioning in a DNA replication-coupled manner [START_REF] Hoek | Chromatin assembly factor 1 is essential and couples chromatin assembly to DNA replication in vivo[END_REF].

Moreover, CAF1, as ASF1, have been shown to be involved in DNA repair of ssDNA during homologous recombination, by allowing Rad51 loading onto ssDNA during repair (Huang et al., 2018). For its ability to be depositing histones during DNA synthesis, and repair, it would be interesting to assess the role of the CAF1 complex during cccDNA establishment.

Role of the PML bodies and associated proteins

As HIRA can be part of PML bodies, in which HBV has been showed to colocalize during viral reactivation due to chemotherapy [START_REF] Chung | Promyelocytic leukemia nuclear bodies link the DNA damage repair pathway with hepatitis B virus replication: implications for hepatitis B virus exacerbation during chemotherapy and radiotherapy[END_REF], we could speculate about the role of the proteins present in PML nuclear bodies into HBV replication.

PML bodies are nuclear structures found in the nuclei of cells, that recruit a large variety of unrelated proteins. HSV1, a chromatinized DNA virus, has been demonstrated to localize to PML bodies during latency in neurons [START_REF] Nicoll | The molecular basis of herpes simplex virus latency[END_REF]. Interestingly, a recent publication has highlighted the relocalization of HIRA to PML bodies in response to incoming foreign naked DNA viruses forming episomes, such as CMV and HSV1 (Rai et al., 2017). In this context, this study also demonstrated the ability of HIRA to bind to incoming viral DNA and to promote its chromatinization by depositing histone H3.3. In the context of HBV infection, we could wonder if the similar mechanism take place. After performing immunofluorescence through a kinetics of infection going from 2 hours to 72 hours, we showed little to no effect of HBV genome presence onto HIRA's localization in the infected hepatocytes. One hypothesis for those differences could be the link between PML localization of HIRA and interferon response, and thus the role of HIRA in repressing the previously mentioned viruses by playing a role in cellular anti-viral immunity. However, as previously described, HBV does not induce any significant interferon response in hepatocytes (Wieland et al., 2004). Thus, we can speculate that the role of HIRA in cccDNA biology is restricted to the establishment of the pool rather than to the mediation of an interferon-dependent immune response. Furthermore, since the viruses studied by Rai et al., are chromatinized viruses undergoing a latent cycle, we could hypothesize that their chromatinization is a way for those viruses to control their replication.

Moreover, the implementation of methods to specifically observe cccDNA localization in the nucleus, such as FISH, would partially allow answering to several questions. Indeed, knowing the interaction of cccDNA, or not, with specifics subnuclear compartments could lead to the et al., 2018;Chalut et al., 2012). At the level of HBV, a similar phenomenon could occur.

Indeed, if only few copies of cccDNA are present in the nucleus, the question of their localization still must be asked: are those copies grouped and maintained in a particular area of the nucleus, with the help of cohesins for example, to be transcriptionally regulated in a same way or are they scattered around the nucleus? A first answer came from a study by Hensel and collaborators (2018) demonstrating that HBV cccDNA when transcriptionally active, was localized into topology associated domains (TADs) corresponding to active transcription. On the contrary, when HBx was absent, and cccDNA transcription inhibited, cccDNA would localized into TADs corresponding to repressed transcription. This thus leads to another question: the investigation of the factors leading to the nuclear localization of HBV genome. As discussed before, in absence of HBx, proteins present in PML bodies interact with cccDNA to restrain its transcription (Niu et al., 2017). It would thus be interesting to evaluate the position of a wild-type cccDNA compared to a ∆HBx cccDNA, to determine if cccDNA could be relocalized to PML bodies, when HBx is absent, thus leading to cccDNA transcriptional repression. Again, the team of Hensel partially answered this question, showing a relocalization of HBV cccDNA in absence of HBx protein, [START_REF] Henikoff | Episomal HBV persistence within transcribed host nuclear chromatin compartments involves HBx[END_REF], but it is still unclear weather HBx presence correlates to the localization of cccDNA, or if this latter is due to its level of transcriptional activity. Specific fractionation of the different nuclear substructures, but also chromatin conformation capture assays would continue to give insights about cccDNA environment, and potential mechanisms of regulation.

Do viral proteins play a role in cccDNA establishment?

Interaction with the nucleosome assembly pathway and its use for the identification of novel therapeutic strategies By PLA, immunoprecipitation, and sequential ChIP experiments, we demonstrated that HBc interacts with HIRA, onto cccDNA, as rapidly as 24 hours after infection. This interaction is time persistent, as being found at 3 days and 7 days post-infection, when the infection is considered "chronic" in in vitro models. Firstly, we wondered if this interaction could be mediated by cccDNA. Immunoprecipitation realized in uninfected cells able to overexpress HBc showed that the interaction between HBc and HIRA was preserved, meaning that it is unlikely to be mediated by cccDNA. Nevertheless, HBc has been shown to be able to bind to cellular genes due to its arginin-rich domain [START_REF] Guo | Characterization of the host factors required for hepadnavirus covalently closed circular (ccc) DNA formation[END_REF], and a benzonase treatment would be mandatory to validate this hypothesis. Secondly, the HIRA complex is interacting with the histone variant H3.3 through UBN1 subunit. As HBc could resemble a histone, by its small size (183 amino acids, compared to 136 amino acids for a histone), and weight (21 kDa for HBc and 18 kDa for H3.3), another hypothesis was that HBc could interact with HIRA through the UBN1 subunit. However, the conserved specific sequence of H3.3 surrounding the G90 amino acid, mandatory for UBN1 interaction with H3.3 and no other histone, is not found in HBc sequence.

We thus hypothesized that HBc could interact directly with HIRA. In silico experiment, allowed us to show a predicted interaction of HBc and HIRA through 4 different possible interfaces, requiring from -5.73 to -1.05 energy to interact. The more negative the energy required is, the more efficient the protein-protein interaction will potentially be. This observation needs confirmation by site directed mutagenesis of these putative interaction domains.

The observation that HIRA is involved in cccDNA establishment, and that its knock-down leads to significant decrease of the persistence form of HBV DNA in infected hepatocytes, may have applications in therapeutic strategies. Since HIRA is involved in cell cycle regulation, as mentioned by its name (Histone Cell Cycle Regulator -Histone Regulator A), it would be highly difficult to target the protein itself. However, as we showed that HBc interacts with HIRA, the targeting of the interaction of those two proteins, by competitive inhibitors could be possible.

In silico approach allowed the identification of four different predictive interfaces of interaction between HIRA and HBc, and with it, the detection of the potential amino acids residues involved. It should be investigated if HIRA or HBc mutations performed in those specific residues could prevent their interaction, and thus, cccDNA chromatinization.

Furthermore, the use of specific HIRA mutants (defective for H3.3 interaction, DNA interaction, RPA interaction, histone deposition to DNA...) would allow deciphering the precise role of HIRA in cccDNA establishment and/or maintenance.

Role of the HBx protein in cccDNA formation?

HBx is a small non-structural protein that has been shown to interact with various cellular partners, and to be involved in the development of HBV-associated pathogenesis and liver cancer by interacting with pathways such as cell cycle, apoptosis and DNA repair [START_REF] Bouchard | The Enigmatic X Gene of Hepatitis B Virus[END_REF]. Futhermore, HBx is essential for establishing and maintaining the viral infection. Indeed, infection with an HBV mutant lacking the HBx protein is associated with repressed transcription from cccDNA (Lucifora et al., 2011). It turns out that the HBx protein plays a role of transcriptional activator of the cccDNA by recruiting histone acetylases resulting in an increase in the replication [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF].

Recently, the role of HBx protein in the early steps of the infection has been revisited. For instance, Niu et al., (2017) opened the discussion by showing the presence of HBx mRNA as early as 4 hours after infection. This means that either HBx is carried within the virion, together with rcDNA, or that specific transcription of HBx occurs earlier than for the rest of the HBV genome. The presence of HBx mRNA at such early step of the infection interrogates, and could suggest a specific role for HBx early in HBV life cycle, such as in cccDNA early establishment.

In supplementary results, I have been able to demonstrate that HBx was not involved in the binding of HIRA, nor H3.3 presence to cccDNA, after 4 hours of infection. Furthermore, when HIRA is knocked-down, cccDNA levels are decreased whether the infection is carried with a wild-type virus, or a ΔX virus. This means that the role observed for HIRA in cccDNA establishment seems to be HBx-independent.

We can hypothesize that HBx presence as early as after 4 hours of infection is important for HBV cccDNA initiation of transcriptional activity, as HBx has been demonstrated to be a transcriptional activator. Nevertheless, a question that remains unsolved concerns the beginning of cccDNA transcription. Indeed, we could think that, if HBx protein/mRNA is not present in the virion, a protein already present in this latter, and entering the nucleus together with HBV genome, as HBc does, could play a role in this initiation.

Histone chaperones, cccDNA and transcription

Finally, we could ask if histone chaperones play a role in HBV cccDNA transcription.

Indeed, the packaging state of the DNA in chromatin highly influences transcription, but also replication, repair and recombination. Each nucleosome assembly pathway is related to transcriptionnaly active or inactive chromatin. For exemple, HIRA mediates the deposition and accumulation of histone variant H3.3 at active regions, while DAXX mainly mediates heterochromatin deposition, such as in telomeres. During the progression of RNA polymerase II onto DNA, nucleosomes normally block it. For that reason, transcription is accompanied by eviction and deposition of histones during transcription. The histone chaperone FACT for exemple (H2A/H2B) travels with RNA polymerase II to mediate deassembly and reassembly of nucleosomes on its track. HIRA by its interaction with Asf-1 also presents the potential to disassemble the nucleosome (Kim et al., 2007).

HIRA is known to deposit H3.3 in a wide range of nucleosomes, but especially in active chromatin, and for interacting with RNA Polymerase II, at transcription sites and specific regulatory elements. Furthermore, HIRA has been demonstrated to be involved in the regulation of the transcription by maintaining an intact chromatin structure. Indeed, as shown in figure 45, in presence of HIRA, continuous H3.3/H4 replacement is performed thanks to the histone chaperone, thus allowing to maintain normal nucleosome density, and to regulate both the transcription and the de novo methylation. This is correlated with a correct and regulated expression of genes. In presence of HIRA (green panel), normal chromatin structure and nucleosome density are preserved by constinuous H3.3/H4 replacement, mediated by the histone chaperone HIRA. This is required for the fine tuning of the transcriptional activity, and the regulation of de novo methylation.

In absence of HIRA (red panel), normal chromatin structure and nucleosome density are lost due to the absence of constinuous H3.3/H4 replacement. This leads to a lower nucleosome density, to an increase of DNA damage and to aberrant transcription. Highly expressed genes present a decreased expression, while non-expressed genes are actively transcribed.

On the contrary, when HIRA is not present, no H3.3/H4 dynamic replacement can be executed properly, leading to a low nucleosome density but also to an increase of DNA damage and aberrant levels of transcription. Indeed, highly expressed genes saw their expression decreased, while regions not normally transcribed within the genome present a strikingly increased expression.

Preliminary results have allowed to demonstrate that HIRA was bound to cccDNA even during the late steps of the infection, at day 7 of infection (Figure 42 ). The concomitant binding of HIRA and HBc onto cccDNA was also reproduced during a chronic infection by sequential ChIP experiment.

Moreover, we investigated the effect of the knock-down of HIRA on an established infection.

To do that, we firstly infected the cells, and when the infection was considered chronically established, we performed the extinction of HIRA. This first experiment, leading to only 50%

of HIRA extinction, allowed to observe that HIRA's absence did not lead to any effect on cccDNA levels, as shown in figure 42 Nevertheless, this knock-down seemed to contribute to a decrease of half the amount of total HBV RNAs, but also of pregenomic RNA.

As previously mentioned, HIRA has been showed to play a role in transcription recovery, but also in transcription activation and maintenance, in developing oocytes [START_REF] Nashun | Continuous Histone Replacement by Hira Is Essential for Normal Transcriptional Regulation and De Novo DNA Methylation during Mouse Oogenesis[END_REF], and in the activation of globin genes (Soni et al., 2014). The presence of HIRA onto cccDNA, and its interaction with HBc at late steps of infection, suggests a different involvement for HIRA into chronically established infections. With these preliminary data, we can speculate that HIRA could be involved in the maintenance of cccDNA transcriptional activity.

It would now be interesting to focus on this second role for HIRA in cccDNA transcriptional activity as it is necessary to be able to find new targets allowing the total eradication of the infection, via the elimination or the transcriptional inactivation of the cccDNA.

DAXX histone chaperone also deposit histone H3.3, but contrary to HIRA, into telomeres and pericentric heterochromatin. In supplementary results (Figure 41), I showed that DAXX can interact with cccDNA, as demonstrated by ChIP experiments, leading, probably, to the modulation of its transcriptional activity. Indeed, DAXX is also known for being a transcriptional co-repressor [START_REF] Lin | Role of SUMO-interacting motif in Daxx SUMO modification, subnuclear localization, and repression of sumoylated transcription factors[END_REF]. It can bind to ASV (avian sarcoma virus) integrase to downregulate the viral replication [START_REF] Greger | The Cellular Protein Daxx Interacts with Avian Sarcoma Virus Integrase and Viral DNA To Repress Viral Transcription[END_REF]. Similarly, DAXX has been shown to be implicated in cytomegalovirus silencing by interacting with the pp71 (Hwang and Kaletja, 2009). DAXX thus plays a role in the cellular defence against viral infections, and we may speculate that it could also restrain HBV transcription. For instance, as being described by Belloni et al., in 2009, nuclear HBx binds the minichromosome to modify its epigenetic status, and in a model not expressing HBx, HBV replication is impaired. In that context, Decorsière et al., in 2017, demonstrated that Smc5/6 was acting as a restriction factor against HBV, in the absence of HBx. Interestingly, I demonstrated that DAXX slightly binds to the established cccDNA after wild-type infection, but the binding level was largely increased during ΔX infection, with DAXX presence increasing along with the time of infection. Furthermore, if DAXX is known to be a histone chaperone, it is also known for interacting with the SETDB1 and KAP1 co-repressor proteins, giving to the DAXX complex a transcriptional repressive activity (Figure 46). Recently, HBx has been demonstrated to be able to relieve the chromatinmediated transcriptional repression of the cccDNA by counteracting the activity of the SETDB1 histone methyltransferase [START_REF] Rivière | HBx relieves chromatin-mediated transcriptional repression of hepatitis B viral cccDNA involving SETDB1 histone methyltransferase[END_REF]. Taken together, these results strongly suggest an involvement of DAXX as a transcriptional repressor of cccDNA, which could be, as for the complex Smc5/6, "neutralized" by HBx presence. In that context, the DAXX complex would not be used as a histone chaperone complex, for it's role in H3.3 deposition, but rather as a complex repressing viral transcription, in a similar way as it already represses endogenous retroviruses, by co-interacting with ATRX, SETDB1, and KAP1. It has also been recently demonstrated that IFI16 (gamma-interferon-inducible protein 16) interacts with ATRX, in order to mediate an interferon response leading to the establishment of heterochromatin marks. As mentioned earlier in this discussion, the IFI16 protein is known to be able to detect specifically naked and non nucleosomal DNA (such as entering rcDNA), and possesses a strong affinity for G-quadruplex genomes (Haronikova et al., 2016). Those G-quadruplex are peculiar DNA and RNA structures that have been extensively studied in cancer and, recently, in pathogens and which can be detected in the HBV genome [START_REF] Biswas | A G-quadruplex motif in an envelope gene promoter regulates transcription and virion secretion in HBV genotype B[END_REF]. These informations lead to the hypothesis in which, in absence of HBx, IFI16 could detect HBV genome and recruit the complex containing DAXX-ATRX and SETDB1 to initiate or maintain the repressive state of cccDNA chromatin.

In conclusion, it will be interesting to further study the mechanism(s) of DAXX-induced repression of HBV cccDNA transcription, and the involvement of the different repressive systems listed above. 

Conclusion

During my thesis, I studied the interaction of HBV with the host cell machinery, to better understand the mechanisms behind the formation of cccDNA, using relevant cell models.

I particularly focused on the nucleosome assembly pathway, and its involvement in the establishment of cccDNA, the chromatinized reservoir of HBV infection.

Specifically, I looked at the histone chaperone HIRA, involved in the deposition of histone variant H3.3 on naked DNA and into distinct genic regions such as promoters, enhancers and gene bodies. With this project, I have been able to demonstrate that cccDNA establishment after hepatocytes infection was an early event (Figure 47 -1). In that context, HIRA deposits histone H3.3 on incoming rcDNA, and thus contributes to cccDNA formation. Indeed, HIRA, previously shown to interact with RPA, in a complex where RPA regulates the deposition of newly synthesized H3.3, and RPA are interacting with cccDNA early after infection (Figure 47 - 3). Their reduced expression, in vitro and in tubo, decrease cccDNA levels, implicating those 
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 1 Figure 1: Seroprevalence of Hepatitis B virus infection worldwide (adapted from CDC, 2016).

Figure 2 :

 2 Figure 2: Genotype prevalence of Hepatitis B virus infection worldwide (from A.

  belongs to the Baltimore class VII heparnavirus or Hepadnaviridae family (double-stranded DNA virus, with RNA replicative intermediate). The viruses belonging to this family, have been grouped together by four common features: hepatotropism, genetic organization, viral morphology and replication mechanisms (a retro-transcription step in their viral life cycle). Hepadnaviridae are divided into two genera: the genus orthohepadnavirus, including HBV along with other mammalians viruses (as woodchuck hepatitis virus (WHV), ground squirrel hepatitis virus, woolly monkey hepatitis virus and bat hepatitis virus), and the genus avihepadnavirus, including avian virus, as the duck hepatitis B virus (DHBV) and heron Several types of particles are present in the patient's sera: Dane particles corresponding to infectious particles and two types of non-infectious subviral particles. These particles are not secreted following the same mechanism.

Figure 3 :

 3 Figure 3: Viral components released by HBV-infected hepatocytes. The viral inoculum is composed of the Dane particles (infectious form of the virus, also called the virion), two subviral particles form (spheres and filaments), and secreted HBeAg. Upon apoptosis of hepatocytes, naked nucleocapsid can be released. In addition to Dane particles, other forms of enveloped nucleocapsid have been described in patients' serum.
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 4 Figure 4: HBV genome organization (adapted from Liang et al., 2009).

Figure 5 :

 5 Figure 5: The HBV genome, its regulatory elements and its messenger RNAs (adapted from Seeger and Mason, 2000).

Figure 6 :

 6 Figure 6: Schematic representation of the ORFs of HBV genome, and the reported spliced variants. Summary of 14 HBV splice variants. For each spliced variant, the removed region is indicated in grey. TP, terminal protein; SP, spacer; RT, reverse transcriptase; RH, RNase H; S, surface. From J Bayliss et al., 2013, adaptated from Sommer and Heise 2008.

Figure 7 :

 7 Figure 7: The three forms of HBV envelop proteins (S, M and L).

Figure 8 :

 8 Figure 8: Hepatitis B virus Pre-Core, Core and HBe proteins. HBcAg, Pre-core and HBeAg all share the core domain, while only HBcAg and Pre-Core proteins contain the NLS/NES sequence. The NLS sequence as well as the main part of the Pre-Core domain is cleaved from Pre-Core protein to form the secreted HBeAg.

Figure 9 :

 9 Figure 9 : Capside protein dimer structure within HBV capsid (from Alexander et al., 2013) A) 3D representation of the capsid protein dimer with its secondary structural elements labelled. Helices (numbered from α1 to α5) are interacting, forming a protruding spike, and are surrounded by contact domains (orange and red). N and C represent the termini of one monomer. The disulfide link between C61 of each monomer is indicated in cyan. B) Exterior surface of a T=4 capsid. Residues that perturb capsid formation when mutated are indicated.

Figure 10 :

 10 Figure 10: Domains of hepatitis B virus polymerase. The four functional domains are represented from N-to C-terminus: Terminal protein, Reverse transcriptase and RNAse-H.

Figure 11 :

 11 Figure 11: Formation of Hepatitis B Spliced Protein (HBSP) (adapted from Assrir et al., 2010).

Figure 12 :

 12 Figure 12 : HBV replication cycle.HBV enters the cell via its NTCP receptor. rcDNA is released and converted into cccDNA. From this cccDNA, the mRNAs are synthesized and then translated into viral proteins. The pgRNA, representing the entire viral genome, is encapsidated and retrotranscribed into rcDNA. The capsid then has two becomings: either it is envelopped to be secreted as new virion, or it goes back into the nucleus to maintain the cccDNA pool.

  c c. p pgRNA transcription, encapsidation and retro-transcription Viral RNAs are transcribed from cccDNA by the DNA-dependent RNA polymerase II, and all have a 5' cap and a common poly-A tail (Figure 12, Step 5). The transcripts are then recognized and translated as cellular RNAs by ER associated ribosomes.

Figure 13 :Figure 12 ,

 1312 Figure 13: Schematic representation of the interaction between the polymerase and the HBV pgRNA in order to initiate the viral encapsidation step (Beck and Nassal, 2007).Once synthesized, the viral polymerase binds to the ε domain of the pgRNA. This leads to the recruitment of cellular factors as well as the core protein thus inducing encapsidation. TP: terminal protein, RT: reverse transcriptase, P: polymerase, DR: repeat regions, pA: poly-A

Figure 14 :

 14 Figure 14 : Translocation mechanism of the primer from the 5' end to the 3' end of the pgRNA allowing the initiation of reverse transcription (Beck and Nassal, 2007).

Figure 15 :

 15 Figure 15: Representation of the different HBV replication steps (Beck and Nassal, 2007).

Figure 16 :

 16 Figure 16: Different types of DNA damage. Endogenous and exogenous DNA damaging agents constantly attack DNA, modifying the genome in different ways. Exogenous sources of DNA damage include depurination, deamination, and oxidation.Environmental mutagens such as chemical agents, ionizing radiation, and UV can induce various DNA damages. Adapted fromManova and Guszka, 2015. 

Figure 17 :

 17 Figure 17 : Homologous recombination, pre-synapsis step.

Figure 18 :

 18 Figure 18 : Homologous recombination, synaptic step.

  ultimately results in the recruitment of DNA ligase IV (c-NHEJ) or DNA ligases I and III (alt-NHEJ) and rejoining of the DNA ends. The resynthesis of missing nucleotides during NHEJ has been associated with two members of the X family DNA polymerases, Pol μ and Pol λ (Nick

Figure 19 :

 19 Figure 19 : Viral nucleic acid structures that provoke DNA damage response (adapted from Luftig, 2014) a. DNA genomes, including reverse transcribed retroviruses b. Abberant structures that may form after DNA damage to viral genomes c. Structures of viral DNA replication intermediates

Figure 20 :

 20 Figure 20 : Assembly and disassembly of nucleosomes.

Figure 21 :

 21 Figure 21 : Overview of nucleosomes architecture. (A) Illustration of H2A/H2B and H3/H4 heterodimers and how they fit together to form the histone octamer. (B) Face view of the nucleosome structure.

Figure 22 :

 22 Figure 22 : Histone post-translational modification perturbs histone-DNA interaction and allows better transcription factor binding (adapted from Bowman and Poirier, 2015).

Figure 23 :

 23 Figure 23 : Crosstalk between histone modifications. Adapted from Rossetto et al., 2012.

Figure 24 :

 24 Figure 24 : Post-translational histone modifications on N-terminal tails. S, serine; K, lysine; T, threonine; R, arginine. Taken from (Lawrence et al. 2016).

Figure 25 :

 25 Figure 25 : Summary of histone modifications and their associated histone modifying enzymes. Adapted from Day and Sweatt, 2012.

Finally

  , the most common H2A variant is the H2A.X, which becomes phosphorylated during DDR

Figure 26 :

 26 Figure 26 : Schematic representation of human histones and their associated variants. From Henikoff and Smith. The histone fold domain (HFD) is shown in blue, while the grey parts represent the histone tails. In red are indicated the regions with sequence variation. For exemple, the red arrows represent the only 4 amino acids differing between H3 and its variant H3.3.

  a a. Discovery and definition of histone chaperones Nucleosomes have been discovered in 1974 by electron microscopy by Don and Ada Olins, and the first isolation of histone chaperone has been performed in 1978, with the isolation of Nucleoplasmin. A chaperone protein is defined by two properties: an acidic protein able to bind histones and the ability of facilitating nucleosome establishment in an ATP-independent manner. This discriminates chaperones proteins from proteins with histone ptm-recognition domains, such as bromodomains. In vitro, all histone chaperones are able to promote a progressive transfer of purified histones onto naked DNA, leading to the reconstitution of nucleosomes.

Figure 27 :

 27 Figure 27 : Genomic locations where histone variants are enriched.Some histone variants are preferentially deposited at certain regions of the genome, such as telomeres (DAXX-ATRX) or centromeres and pericentromeric heterochromatin (HJURP). Adapted from Peter J.Skene, and Steven Henikoff., 2013. 

Figure 28 :

 28 Figure 28 : Histone variants and their associated histone chaperone (and associated factors). From Skene and Henikoff, 2013.

Figure 29 :

 29 Figure 29 : Histone remodeling and chaperone's involvment during DNA replication. From Hammond et al., 2017.

  , DNA damage recovering and chromatin dynamicsAs mentioned previously, histone chaperone HIRA is at the interface of transcription regulation through the deposition of H3.3 histone variant.The HIRA complex is composed of the proteins HIRA, UBN1, and CABIN1. These 3 proteins interact with Asf1 to mediate the deposition of H3.3-H4 in nucleosomes. UBN1 confers to the HIRA complex its specific binding to H3.3 and likely mediates the specific deposition of H3.3-H4. HIRA consists of three domains: the N-terminal WD40 repeats A domain that binds to UBN1, a central B domain that binds to Asf1a, and a C-terminal C domain that binds to CABIN1.

Figure 30 :

 30 Figure 30 : Histone chaperones during UV-C DNA damage. From Gurard-Levin et al., 2014 Histone chaperones are involved through the whole process of DNA damage repair. HIRA is recruited ealy, during the step of DNA damage detection to mark the chromatin with histone H3.3, to allow transcription recovery once repair has been performed.

  Different techniques have been established to allow the study of proteins involved in chromatin modifications and regulation. a a. Chromatin Immunoprecipitation (ChIP) techniques Chromatin immunoprecipitation techniques allow the investigation of proteins interacting with DNA in the cell. ChIP aims at determining if specific proteins can be associated with specific genomic regions, for example transcription factors on promoters. ChIP also allows the detection of epigenetic marks onto DNA, such as histone methylations or acetylations, and their associated enzymes onto specific location of the genome.

  Many techniques have been derived from 3C, such as Hi-C, the first technique derived from 3C that allows to be genome-wide, the Circularized Chromosome Conformation Capture (4C), allowing to reveal how unknown DNA regions interact with a region of interest, or Carbon Copy Chromosome Conformation Capture (5C), used to examine interactions with particular loci of interest in detail.Finally, methods of investigation of chromatin interaction have been established, such as ChIA-PET (Chromatin Interaction Analysis by Paired-End Tag Sequencing) combines ChIP with 3C technology, allowing the detection of distant DNA regions interacting with each other through a protein of interest(Fullwood et al., 2009). FAIRE(-seq) (Formaldehyde-Assisted

  release of the viral polymerase from the minus strand DNA and the removal of redundancy terminal region The degradation of RNA oligomer from the plus strand DNA The completion of the plus strand DNA The ligation of both strandsThe attachment of the polymerase to the minus strand of the rcDNA has firstly suggest the possibility that it was itself in charge of the completion of the plus strand DNA during cccDNA establishment. Nevertheless, infection experiments conducted with polymerase inhibitors have shown that the viral polymerase activity is not required for cccDNA build-up during de novo HBV infection(Le Guerhier et al., 2000; Qi et al., 2016). As long as the viral polymerase is the only viral component presenting an enzymatic activity, these results propose that cccDNA establishment depends primarily on host factors. Indeed, lately, cellular proteins, some being involved in DNA Damage Response (DDR) pathways, have been described as proteins required for cccDNA establishment.

Figure 31 :

 31 Figure 31 : The different steps leading to cccDNA formation from the rcDNA entering the hepatocyte. Adapted from Gomez-Moreno and Garaigorta, 2017.

Furthermore

  , it is of common knowledge that cellular DNA polymerases often work together with other DNA repair factors to restore the damaged DNA. In this completion phenomenon, POLκ has been shown to work in concert with both POLδ and POLη. b b. Regulation of cccDNA recycling After pgRNA encapsidation and retrotranscription into rcDNA, this capsid can be either enveloped, or redirected to the nucleus, to increase the cccDNA pool, a mechanism called intracellular recycling.

Figure 32 :

 32 Figure 32 : Epigenetic regulation of cccDNA (adaptated from Levrero et al., 2009). The cccDNA in its active transcriptional form has a relaxed chromatin. The N-terminus of the histones are acetylated and positive transcription factors are present such as histone acetylases, HBc and HBx.

Liu

  et al., 2013 IFN-α inhibits viral transcription by cccDNA hypoacetylation Belloni et al., 2012 IL6 induces cccDNA hypoacetylation and by reducing the binding of transcription factors (HNF1α, HNF4α, STAT3) onto cccDNA Palumbo et al., 2015 HBx recruitment onto cccDNA activates HBV transcription by counteracting SETDB1, HP1 and H3K9me3 Rivière et al., 2015 IFN-α represses HBV by reducing active PTMs in cccDNA Tropberger et al., 2015 The repressive mark H3K27me3 is underrepresented in cccDNA Table 3: Outline of the main research findings on the methylation and acetylation mechanisms involved in HBV infection. From Kombi and Karayiannis, 2015. d d. Viral proteins associated to cccDNA

Figure 33 :

 33 Figure 33: HBV cccDNA epigenome in presence and in absence of HBx (From Hong et al., 2017) Schematic representation of modification of HBV cccDNA epigenome in relation to HBx presence. A) In HBx presence, cccDNA-bound histones are hyperacetylated, with the presence of the acetyltransferase GCN5/PCAF. The minichromosome is in an opened form, and the transcriptional activity is activated, leading to a strong viral replication. B) In absence of HBc, host restriction factors, such as the newly discovered Smc5/6 complex, and PRMT1, are binding cccDNA. This minichromosome is then hypoacetylated, with the presence of histone deacetylases such as HDAC1. cccDNA is in a closed configuration, and viral gene expression is repressed, resulting in a low level of replication.

Figure 34 :

 34 Figure 34: Dilution model of cccDNA during hepatocyte division.

Figure 35 :

 35 Figure 35 : The different treatment options for chronic hepatitis B (Zoulim, 2007)

  on the deposition of histone H3.3 onto foreign viral DNA such as HSV (Herpes simplex virus) or CMV (cytomegalovirus) by HIRA, we wondered if histone chaperones, assisting histone trafficking but mainly nucleosome assembly and reshuffling, could be involved in cccDNA chromatinization. Our aims hence were: i) to study the timing of HBV cccDNA establishment in the HepG2-NTCP model of viral infection.ii) to identify possible histone chaperones involved in cccDNA formation and chromatinization.AbstractHepatitis B virus (HBV) covalently-closed-circular (ccc)DNA, the viral minichromosome , resides in the nucleus of infected hepatocytes by virtue of its chromatin structure. Indeed, upon entry into hepatocytes, the partially double stranded viral DNA (relaxed circular (rc)DNA) is released into the nucleus, where it is repaired and wrapped by histones to form an episomal chromatinized structure.

Table 4 :

 4 conjugated anti-DIG antibody (Roche) and CDP-Star® (Roche) according to the manufacturer's instructions. Mitochondrial DNA served as internal loading control. DIG-labeled mitochondrial DNA probes sequencesChromatin immunoprecipitation (ChIP)ChIP experiments were carried out at the indicated time points (from 30 minutes to 72 hours) post-infection. Cells were washed in phosphate buffered saline (PBS), and incubated for 15 minutes with 1% formaldehyde at 37°C and quenched with 0.125 M Glycine. For nuclear extracts preparation, cells were lysed in lysis buffer (PIPES 5mM, KCl 85mM, NP-40 0,5%, PMSF 1mM, Protease inhibitor cocktail (PIC) 1X). After douncing (10 times) and centrifugation, nuclei were resuspended in sonication buffer (SDS 1%, EDTA 10mM, Tris-HCl pH8 50mM, PMSF 1mM, PIC 1X). After sonication, chromatin was cleaned in Ripa buffer with Protein A Sepharose, and then subjected to overnight immunoprecipitation at 4 °C using 2-5 μg of antibodies. Immune complexes were, then, incubated 2h with protein G agarose beads at 4 °C, washed, and eluted in Tris-HCl pH8 10mM, EDTA 5mM, NaCl 50mM, SDS 1%, Proteinase K 50μg, PIC 1X.

  3 on incoming HBV genome to elicit the formation of a fully chromatinized viral minichromosome, which represents the repository of viral genomic information and the reservoir for viral persistence in infected nuclei. Understanding the specific determinants of HIRA/cccDNA interaction would greatly advance in the search for new therapeutic strategies aiming at eliminating HBV from infected livers.

Figure legends Figure 1 :

 legends1 Figure legendsFigure 1: HBV minichromosome establishment occurs very rapidly after infection. (A) Southern Blotting analysis of cccDNA appearance kinetic. PHHs were inoculated with HBV at 250 vge/cell in the presence or not of 100nM Myrcludex-B for 16h and then harvested at the indicated times points. After Hirt extraction, HBV and mitochondrial DNA were revealed using DIG-coupled probles. Mitochondrial DNA was used as internal loading control. When further digested with EcoRI, cccDNA was linearized to double stranded linear DNA, the second band is derived from the mitochondrial DNA. (B-E) HepG2-NTCP qPCR quantification of viral cccDNA, 3.5Kb RNA and total RNA and DNA at the indicated time points post-viral inoculation. cccDNA and total HBV DNA quantification was normalized over b-globin quantity, while relative RNA content was normalized over the housekeeping gene GUSb. Graphs represent the mean of at least three independent experiments. cccDNA: covalently closed circular DNA; PF-rcDNA: protein-free relaxed circular DNA.

Figure 2 :

 2 Figure 2: HIRA is required for HBV minichromosome establishment. (A-C) HepG2-NTCP cells were transfected with siHIRA according to the timeline and inoculated for 16 h with HBV at MOI of 250 vge/cell in the presence of 4% PEG8000. The cells were harvested for analysis after 2 days. (B) HIRA mRNA and protein downregulation after siRNA transfection was determined at the moment of infection, and the end of the experiment, by real-time qPCR assays and Western blot, respectively. qPCR was normalized over the housekeeping gene Gusb. Actin protein served as loading control for Western Blotting analysis. (C) The amounts of cccDNA on 2 dpi were measured by qPCR assays and compared to controls, the transfection reagent, and a siRNA HIRA 9.11, mutated in the positions 9 to 11 and ineficient at targeting HIRA. The relative amounts of viral parameters were expressed as the percentage of that in the HepG2-NTCP cells only treated with transfection reagent. HBV cccDNA 2 dpi was also detected by Southern blot. When further digested with EcoRI, cccDNA was linearized to double stranded linear DNA. (D-F) HepG2-NTCP cells were silenced 4 and 2 days prior to virus inoculation. (D), HIRA was

Figure 3 :

 3 Figure 3: Early binding of HIRA to cccDNA allows H3.3 deposition

Figure 4 :

 4 Figure 4: HBx is not required for HIRA's involvement in HBV minichromosome establishment

9. 11 ,

 11 mutated in the positions 9 to 11 and ineficient at targeting HIRA. The relative amounts of viral parameters were expressed as the percentage of that in the HepG2-NTCP cells only treated with transfection reagent.

Figure 5 :

 5 Figure 5: HBc interacts with both cccDNA and HIRA shortly after infection

Figure 6 :

 6 Figure 6: HBc neosynthesis is not required for histone deposition on cccDNA

  Figure 1:

Figure S2 :

 S2 Figure S2 : Cell viability and HBV receptor NTCP expression after siRNA transfection. (A-B) HepG2-NTCP cells were transfected with siHIRA according to the timeline and inoculated for 16 h with HBV at MOI of 250 vge/cell in the presence of 4% PEG8000. The cells were harvested for analysis after 2 days. (A) Neutral red and Sulforodamide cytotoxicity assays were performed. DOXO served as internal positive control. (B) NTCP levels were quantified by realtime qPCR assay. TRA: Transfection reagent, DOXO: Doxorubycin.

Figure 3S :

 3S Figure 3S: Effect of HBV infection on HIRA expression and subcellular localization in HepG2-NTCP cells.

  during the establishment of the chromatinized form of cccDNA. By ChIP experiments performed from 30 minutes to 7 days post-infection, we demonstrated the early appearance of RPA onto cccDNA as early as 30 minutes post infection (figure36 B). Previously, we have been able to demonstrate that cccDNA transcription starts 24 hours post-infection (quantification of pgRNA, HBV total RNA and recruitment of RNA Pol II onto cccDNA). Here, RPA is no longer present onto cccDNA at that moment of the infection. Nevertheless, after 3 days and until 7 days post infection, we could observe again its presence, suggesting a dual role of RPA: i) establishment of cccDNA (early stage), ii) regulation of cccDNA transcription (later stage). Interestingly, by immunoprecipitation assay, we showed that RPA was associated with HBc. Finally, by sequential ChIP, we demonstrated the presence of RPA, HIRA and HBc on the same cccDNA molecule, at 24 hours post infection. These results could suggest a model where HBc, HIRA and RPA are concomitantly present on the same molecule of cccDNA, potentially interacting together. These data are currently being confirmed in PHH.

Figure 37 :Figure 38 :

 3738 Figure 37: Chromatin-induced supercoiling of wild-type rcDNA. Chromatin-induced supercoiling of a DNA template (either a plasmid or genomic DNA) can be obtained after incubation with specific nuclear and cytosolic extracts. A) Schematic representation of the chromatin-induced supercoiling. B) pCH9 3091 plasmid was used to setup the chromatin-induced supercoiling assay. Left gel, pCH9 3091 plasmid was incubated with both cytosolic and nuclear extracts for 5 minutes to 2 hours. Right gel, pCH9 3091 plasmid was incubated with Topoisomerase I, leading to its relaxation, and then incubated with both cytosolic and nuclear extracts for 5 minutes to 2 hours. C) Wild-type rcDNA induced supercoiling was analysed by agarose gel electrophoresis. rcDNA was incubated with both cytosolic and nuclear extracts for 1 to 360 minutes. Lane 0 indicates the negative control experiment without extracts, while lane "lin" indicates a linear HBV DNA of 3.2 kb.

Figure 39 :

 39 Figure 39 : Table of predictive interface residues contact between HIRA (PDB 2i32) and HBc (PDB 1GQT).

  Furthermore, HIRA was able to bind to those viral DNAs and promoted their chromatinization by favouring the deposition of histone H3.3. This, nevertheless, lead to a repression of their replication. Indeed, viral gene expression appeared to be more efficient when HIRA was depleted from the host cells, both in vitro and in mice, showing that, against those latent viruses, HIRA was potentially contributing to viral gene silencing. The role of HIRA in the chromatinization process appeared to participate in cellular anti-viral immunity against theses viruses (HSV1, CMV).

Figure 40 :

 40 Figure 40: Infection by HBV does not lead to HIRA relocalization to PML nuclear bodies. HepG2-NTCP cells or PHH were infected at a MOI of 250 vge/ml with HBV. At 72h post-infection, cells were fixed and fluorescently stained with antibodies against HIRA (green), PML (red) and HBsAg (purple). For each cell type, the top panel represents non-infected cells and the bottom panel represents infected cells.

Figure 41 :

 41 Figure 41: Role of DAXX in cccDNA establishment A) Schematic representation of the role of the DAXX-ATRX complex, an H3.3 histone chaperone, in heterochromatin maintenance. Adapted from Hammond et al., 2017. B, C, D) HepG2-NTCP cells were inoculated for 16h with HBV and HBx-deficient virus (ΔX) (when indicated) at a MOI of 250 vge/cell, in the presence of 4% PEG8000. Cells were then cultured for the indicated amount of time. B) The expression and localisation of DAXX were assessed by immunofluorescence at 1 and 7 days postinfection and compared with a non-infected control. C) The cells were cultured from 15 minutes to 15 days. RNA was extracted, and DAXX mRNA was quantified by RT-qPCR. D) DAXX binding on cccDNA was analysed by ChIP-qPCR at the indicated time points after infection with either WT or HBx-deficient virus (ΔX).

Figure 42 :

 42 Figure 42: A role for HIRA in transcription regulation of cccDNA? (Preliminary results)HepG2-NTCP cells were infected at MOI of 250 vge/cell in the presence of 4% PEG8000 for the indicated time points. A-B) Cells were infected from 4h to 7 days. The levels of HIRA, and HIRA then HBc were analyzed through the infection kinetics by ChIP-qPCR (A) and ReChIP-qPCR (B). C) Cells were infected for 16h. After 5 days of infection, cells were transfected with siHIRA twice in two days. The amounts of cccDNA, pregenomic RNA and total HBV RNAs on 9 dpi were measured by qPCR assays and compared to controls, the transfection reagent, and control siRNA. HIRA expression in silenced HepG2-NTCP cells was determined by qPCR and Western blot. Actin protein served as a loading control. The relative amounts of HIRA, cccDNA, pgRNA and HBVt RNA were expressed as the percentage of that in the HepG2-NTCP cells only treated with transfection reagent.

  The release of the viral polymerase covalently attached to the 5' of viral minus strand DNA -The removal of redundancy terminal region of the 5' of viral minus strand DNA -The degradation of RNA oligomer attached to the 5' of viral plus strand DNA -The completion of the plus strand DNA -The ligation of plus and minus strand DNA extremities -Histone deposition

Figure 43 :

 43 Figure 43: The different steps leading to cccDNA formation from the rcDNA entering the hepatocyte. Adapted from Gomez-Moreno and Garaigorta, 2017

Figure 44 :

 44 Figure 44 : HIRA is crucial for the early establishment of hepatitis b virus minichromosome Schematic representation of the results obtained during the first study. HIRA is involved in cccDNA establishment, by favouring the deposition of histone variant H3.3.

  identification of new host factors involved in the HBV modulation. Furthermore, it could help identifying processes of regulation. Recently, a work based on labelling HBV DNA by FISH experiments, showed that it was challenging to specifically label cccDNA, due to the presence of protein-free rcDNA (PF-rcDNA) into cell nuclei(Minming et al., 2017). For HSV-1, a virus localized to PML bodies, it has been shown by FISH experiment that "unique" genomes were co-localizing together with nuclear PML domain to form clusters that have been named "Viral DNA-Containing PML-NBs" (Lomonte, 2016). As it has been shown in supplementary results (Figure40), HBV infection does not lead to a relocalization of HIRA to PML bodies or the activation of an interferon response mediated by HIRA, and we still do not know if during the infection course, the genome could be localized there. Nevertheless,Niu et al., (2017) recently demonstrated that Smc5/6, the restriction factor of HBV, was present in PML bodies, and in absence of HBx protein could repress HBV transcription. Furthermore, SETDB1, a protein known to inhibit HBV transcription in absence of HBx, and DAXX, are also present in those PML bodies. It would thus be intriguing that HBV genome localizes with proteins able to repress its transcription. However, an interesting fact concerning HSV-1, a genome colocalizing and being repressed in PML bodies, is that cohesins, such as the Smc5/6 complex (involved in stabilization of the chromatin) are supposed to be involved into the fusion and maintenance of "Viral DNA-Containing PML-NBs", to better sustain the repression onto viral DNAs (Cohen

Figure 45 :

 45 Figure 45: Role of HIRA in transcriptional regulation (From Nashun et al., 2015)

Figure 46 :

 46 Figure 46: Model for DAXX-ATRX complex in the maintenance of heterochromatin.ATRX recognizes trimethylated H3K9 and together with DAXX, deposits H3.3 to replace histones. DAXX thus interacts with KAP1 and SETDB1 to catalyse trimethylation of the lysine 9 onto newly deposited H3.3. This complex is able to act continuously through the cell cycle, to ensure constant maintenance of this repressive H3K9me3 onto heterochromatin.

Figure 47 :

 47 Figure 47: Graphical representation of the conclusions and hypothesis observed during this thesis

  

  

  

  

  

  

  

  

  

  

  X protein, only present in Orthohepadnaviridae, is a non-structural protein, and the

	smallest coded by the HBV genome (154 aa; 17 kDa). This protein has been studied for a long
	time in a large number of different models giving rise to multiple functions for HBx. However,
	the effects associated with HBx vary according to the cellular context, the amount of HBx
	expressed and the model chosen (expression of HBx alone or in a context of HBV replication,
	for example). Numerous effects of HBx have been reported, not all well described or
	understood and can sometimes leave skeptical for the reasons outlined above. However, they
	can be classified into two broad categories, the influence on virus replication and the role of
	HBx in hepatocarcinogenesis.
	Indeed, it is essential for establishing and maintaining the viral infection. In 1994, studying the
	X gene in groundhogs (WHx), Zoulim et al., demonstrated for the first time that Hepadnavirus
	X protein plays a vital role in viral replication. In 2007, Keasler et al., demonstrated in vitro, in
	a HepG2 cell model, that the absence of HBx could induce a 65% reduction in HBV replication

Table 1 : Characteristics of the in vivo systems available for studies with HBV and HBV-related viruses. System Virus and vector type HBV replication cccDNA Infection Immunology Advantages Limitations Duck

 1 

		DHBV	Yes	High	Yes	Innate,	High cccDNA	Low
				copies		adaptative,	copies,	similarity to
						vaccine	infectivity and	human
							replication	infection
	Woodchuck	WHV	Yes	High	Yes	Innate,	High cccDNA	Limited
				copies		adaptative,	copies,	availability
						vaccine	carcinogenesis	
	Tupaia	HBV	Weak,	Low	Weak,	Innate,	Good	Limited
			transient	copies	transient	adaptative,	alternative for	availability,
						vaccine	infection	weak
							studies	infection
	Chimpanzee	HBV	Yes	Yes	Yes	Innate,	Well	Ethic and
						adaptative,	characterized	cost
						vaccine	immune	restrains
							system. Highly	
							similar to	
							human	
							infection	
	Mouse	Transgenic	Yes	No	No	Immune	Convenient,	No
	models	mice.				competent	inbred animals.	infection,
		Integrated				adaptative	Antiviral	no cccDNA,
		HBV					studies	immune
		genome						tolerance
		Adeno-	Yes	Yes	No	Immune	Studies on viral	transient
		AAV				competent	clearance	vector-
		transduced				acute		driven
		mice.				infection		infection;
		Vector-						no
		driven						spreading
		HBV-DNA						
		constructs						
		Human	HBV	Yes	Yes	Yes	Long term	Human
		liver-					studies.	hepatocytes
		chimeric						needed.
		mice						Immune
								deficiency

Table 2 : DNA repair mechanisms

 2 

		Damaging agent	Example	Repair
	BER	Reactive oxygen species, X-	Oxidation (80xoG)	Removal of base by N-
		Rays, alkylating agents,	Uracil, single strand	glycosylase abasic
		spontaneous reactions	break	sugar removal,
				replacement
	MMR	Replication error	A-G mismatch, T-C	Removal of strand by
			mismatch, insertion,	exonuclease digestion
			deletion	and replacement
	NER	UV lights and polycyclic	Bulky adducts,	Removal of DNA
		aromatic hydrocarbons	intrastrand cross link	fragment and
				replacement
	DSBR	X-rays, ionizing radiations,	Double strand break,	Unwinding, alignment,
		antitumor agents	interstrand crosslink	ligation

Several damaging agents can cause DNA damage, leading to the establishment of different repair pathways that are listed in the table above, with their mechanisms. Adapted from Komberg and Baker., 1992. a a. Base Excision Repair (BER)

Table 4 : cccDNA epigenetic modifications (adapted from Levrero, 2009).

 4 

	Activation

Table 5 :

 5 Current, in development, and possible therapies to treat hepatitis B chronic infection.

Table 2 :

 2 Primers and probes sequences used for Taqman and SYBRgreen qPCR.

		Name	Sequence
	cccDNA	cccDNA	CCGTGTGCACTTCGCTTCA
	cccDNA	cccDNA	GCACAGCTTGGAGGCTTGA
	cccDNA	cccDNA	[6FAM]CATGGAGACCACCGTGAACGCCC[BBQ]
	pgRNA	pgRNA Taqman	GGAGTGTGGATTCGCACTCCT
	pgRNA	pgRNA Taqman	AGATTGAGATCTTCTGCGAC
	pgRNA	pgRNA Taqman	[6FAM]AGGCAGGTCCCCTAGAAGAAGAACTCC[BBQ]
	Total HBV	HBV Forward	GCTGACGCAACCCCCACT
	Total HBV	HBV Reverse	AGGAGTTCCGCAGTATGG
	Total HBV	HBV Forward	GCTGACGCAACCCCCACT
	Total HBV	HBV Reverse	AGGAGTTCCGCAGTATGG
	Hira	Hira Forward	GGCCTCGGAAGGACTCTC
	Hira	Hira Reverse	AGACAGACACATGGCCTCCT

Table 4 :

 4 Antibodies used for co-immunoprecipitation, ChiP and western blotting experiments

	Target	Company	Dilution
	HBc for PLA, co-IP and ChIP	Invitrogen SC2362651	4μg
	Hira for PLA, ChIP and WB	Abcam Ab20655	2,5μg / 1:500
	H3.3 for ChIP	Abcam Ab62642	5μg
	RNA Polymerase II for ChIP	Diagenode C15200004	1 μg
	RPA 70 for ChIP	Abcam Ab79398	5μg
	BrdU for ChIP	BD Pharmingen	5μg
	E2F for ChIP	Santa Cruz	5μg
	beta-actin for WB	Abcam Ab6276	1:10000
	HBc for WB	Dako B0586	1:500

PF-rcDNA and contributes to cccDNA formation
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I III. Supplementary results

Could RPA70 mediate the interaction between cccDNA and HIRA? Figure 36: RPA is required for cccDNA establishment HepG2-NTCP cells were infected at a MOI of 250 vge/cell in the presence of 4% PEG8000 for the indicated time points (30 minutes to 7 days). A) HepG2-NTCP cells were transfected with siRPA70 or si control (CTL) twice and then inoculated for 16 h with HBV. After washing, the cells were maintained in colture for 48h. The amount of cccDNA 2 days post infection (dpi) was measured by qPCR assays and compared to controls: the transfection reagent (Lipo) and control siRNA (siCTL). RPA70 expression in siRNA-treated HepG2-NTCP cells was determined by Western blot. B-actin protein served as a loading control. B) ChIP analysis of RPA70 recruitment on cccDNA. No antibody and E2F served as negative controls. C) Immunoprecipitated was performed with an anti-HBc and a control anti-IgG antibody. Western-blot was revealed using an anti-RPA70 antibody. FT: flow through fraction; IP: immunoprecipitated fraction D)

The simultaneous presence of RPA and HIRA, and of RPA and HBc on the same cccDNA molecule was assessed by sequential ChIP-qPCR on HepG2-NTCP cells at day 1 and day 7 post-infection. These results

Supplementary materials and methods

Southern blotting procedure

Total intracellular DNA were quantified, all diluted to the same concentration, loaded onto a 1.2% agarose gel, and run in 0.5X TAE (Tris Acetate-EDTA) buffer. Then, migrated DNA was denatured by incubation into 0.4 N NaOH/1 M NaCl buffer (30 min, twice, gentle shaking), and neutralized with a 15 min incubation into 20X SSPE (Saline-Sodium Phosphate EDTA) buffer. DNA was transferred onto Hybond-N+ positively charged nylon membrane from Amersham, in 20X SSPE buffer during at least 16 h at room temperature. DNA was fixed on the membrane for 2 h at 80 °C, which was then prehybridized for at least 2 h at 42 °C in hybridization buffer (6X SSPE; 5X Denhardt's; 0.5% SDS, 100 μg/mL of salmon sperm DNA and 50% formamide). Whole linear HBV genome DNA probe was labelled with radioactive P 32 with the kit « Ready-To-Go™ DNA Labelling Beads (-dCTP) » from Amersham, then purified with the kit « ProbeQuant G-50 Micro Columns Radiolabeled Probe Purification kit » from Amersham. The membrane was hybridized with this probe at 42 °C overnight, Supplementary Table 1. Primers and probes sequences used in the study. 
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